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Abstract 
A novel three-dimensional micro-/nano-fabrication method, the meniscus-
confined electrodeposition, was developed and studied. It exploits the thermodynamic 
stability of a microscale or nanoscale liquid meniscus to direct-write pure metallic three-
dimensional structures of designed shapes and sizes in an ambient air environment. This 
technique is cost-effective to implement and is based on the principle of 
electrodeposition, and can thus be applied to fabricate structures made of a wide variety 
of materials. In this work, theoretically, a detailed analysis was provided for describing 
the growth parameters essential for the meniscus-confined electrodeposition process; 
experimentally, various techniques were developed to fabricate structures with 
demanding shapes and dimensions for specific electrical and electrochemical 
applications. 
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Chapter  1 Introduction 
Direct-writing fabrication of micro-/nano-structures attracts intensive scientific 
interests due to their potential applications in nanoscale electronic, optical and 
mechanical devices in recent decades [1]. In a direct-writing approach, micro-/nano-
structures are directly fabricated without the use of masks, which allows rapid 
prototyping. Direct-write techniques have been successfully used in a wide range of 
applications. In nano-electronic industry, direct-write techniques using a variety of 
materials are used in passive electronic components and interconnect. In the 
biotechnology industry, direct writing of biomaterials is used for tissue engineering and 
array-based biosensors. In this dissertation, four types of direct-writing fabrication 
methods which are most related to this study are reviewed as following. 
Among the 3-D direct-writing fabrication technologies that are compatible with 
electronic devices, e-beam (EB-) or focused ion beam chemical vapor deposition (FIB-
CVD) has been developed for years [2]. These beam-induced deposition technologies are 
capable of fabricating 3-D structures having feature sizes down to ~ 10 nm at any desired 
position. For example, nanoelectromechanical devices, which can be used as nanotools in 
nanofactories, were made of diamond-like carbon (DLC) deposited on a Si substrate 
using gasified phenanthrene (C14H10) as a carbon source with e-beam CVD [3]. A 
nanomanipulator was fabricated by FIB-CVD and used for actual manipulations. A glass 
capillary based local field emitter was also developed and produced as a tool for spot 
deposition, and its electron field emission was confirmed. However, the process must be 
performed in a high vacuum environment, leading to extremely complicated and 
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expensive instrumentation for both the vacuum and the e-beam or ion beam generation. 
Although they can deposit various materials [4-6], including diamond-like carbon (DLC) 
[7-8], tungsten [9-10] and SiOx [11-12], the choice of materials that can be deposited is 
still very limited because of the limited availability of the special chemical compounds 
for this intended purpose. Besides, the throughput for e-beam/FIB-CVD is low and the 
deposited metals tend to have low electrical quality [13]. 
Another direct-writing technique is the electric-field enhanced electrodeposition. 
Introduced in 1996 [14], the technique has been used as an inexpensive free-form micro-
fabrication method [15-17]. In this process, electrodeposition is localized by placing a 
sharp-tipped electrode in an electroplating solution (electrolyte), near a substrate, and 
applying a potential in between. Structures are built by moving the electrode accordingly 
with respect to the substrate. High aspect-ratio and truly 3-D micro-structures can be 
deposited at desired locations. However, since the localized electrodeposition is realized 
through the confinement of the electric field near the end of the tip, the confinement is 
thus not absolutely local. Only structures whose diameter is larger than 10 µm can be 
deposited because of the distribution of the electric field. In addition, in order to achieve 
enough electric field strength to maintain the growth, high voltage is used during the 
deposition, leading to a highly porous structure which is not favorable for any 
mechanically and electrically applications [18-20]. Furthermore, the fabrication has to be 
performed with both the work piece and the tip immersed in an electrolyte environment, 
which causes the contamination of the work piece by the electrolyte. 
The third one is the colloidal ink based direct-writing process. In this method, a 
concentrated colloidal ink is extruded through a tapered cylindrical nozzle that is 
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translated using a three-axis, motion-controlled stage with nanoscale precision. By this 
filamentary printing approach, periodic structures [21-23] and microvascular networks 
[24] have been fabricated for the potential applications in optics and microfluidic devices. 
However, the minimum feature size obtained with the use of nanoparticle inks is 100 µm 
[22]. In addition, the inks had to be deposited in a non-wetting oil reservoir to avoid 
nozzle clogging. Finally, ink deposition has been confined solely to the x-y plane, such 
that 3-D structures are assembled in a layerwise sequence [23]. To overcome these 
limitations, they replaced previous colloidal inks with concentrated silver nanoparticle 
inks that readily flow through micronozzles in air [25] and demonstrated the fabrications 
of the omnidirectional printing of flexible, stretchable, and spanning microelectrodes. 
However, since the silver nanoparticles congregate together physically, instead of 
bonding together chemically, the mechanical strength and electrical conductivity of the 
fabricated silver colloidal wires are low. In order to convert such a colloidal wire into a 
high quality metallic wire, it has to be annealed above 200°C for hours which is not 
favorable for electronic devices. Moreover, the limitation lies in the further downsizing of 
the fabricated wires: the fluidics involved with a colloidal dispersion ultimately limits the 
minimum nozzle size that can be used without clogging due to the finite size of the 
colloidal particles in the dispersion. 
Last but not least, dip-pen nanolithography (DPN) is also an important direct-
writing technique. It utilizes ink-coated [26-27] or ink-filled [28] AFM probes as tools 
and water meniscus as transport media for nanoscale patterning. The fabrication 
efficiency can be very high by using parallel patterning technology [29-30]. However, the 
deposition is limited for the fabrication of surface features and not for 3-D growth. 
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In this dissertation, a novel 3-D meniscus-confined electrodeposition method was 
developed and studied. A theoretical modeling was provided to illustrate the mechanism 
and give a guide for tuning the growth parameters. To demonstrate the proposed 
technique, high aspect-ratio nanoprobes, wire-bonding and complex 3-D structures were 
designed and fabricated. The experimental studies validated the theoretical model, and 
confirmed the effectiveness of the meniscus-confined electrodeposition for 3-D 
fabrication. 
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Chapter  2  Fundamentals of Meniscus-
Confined Electrodeposition 
2.1 Introduction 
Electrodeposition, also called electroplating, is an electrochemical process that 
uses electrical current to reduce cations of a desired material from a solution and coat a 
conductive object with a thin layer of the material, such as a metal [31]. The reduction of 
metal ions Mz+ in aqueous solution is represented by 
M Mzsolution latticeze
+ + →         (2-1) 
This can be achieved via two different processes: (a) an electrodeposition process 
in which z electrons are provided by an external power supply and (b) another, electroless 
(autocatalytic) deposition process in which a reducing agent in the solution serves as the 
electron source. In this work, only the first method was studied. 
The schematic diagram of a traditional electrodeposition system is shown in 
Figure 2.1a. It is analogous to a galvanic cell acting in reverse. The work piece to be 
plated is the cathode of the circuit. In one technique, the anode is made of the metal to be 
plated on the work piece. Both components are immersed in a solution called an 
electrolyte containing one or more dissolved metal salts as well as other ions that permit 
the flow of electricity. An external power supply passes a direct current to the anode, 
oxidizing the metal atoms that comprise it and allowing them to be dissolved in the 
solution. At the cathode, the dissolved metal ions in the electrolyte solution are reduced at 
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the interface between the solution and the cathode, so that they are plated onto the 
cathode. The rate at which the anode is dissolved is equal to the rate at which the cathode 
is plated. In this manner, the ions in the electrolyte bath are continuously replenished by 
the anode. Other electrodeposition processes may use a non-consumable anode such as 
lead. In these techniques, ions of the metal to be plated must be periodically replenished 
in the bath as they are drawn out of the solution. 
       
Figure 2.1 (a) Schematic drawing of a traditional electrodeposition system. (b) Schematic showing the 
general setup for the meniscus-confined 3-D electrodeposition. 
Although the meniscus-confined electrodeposition follows the same principle for 
metal deposition as the traditional electrodeposition, the whole electrochemical process 
happens inside a meniscus (a liquid bridge), instead of an electrolyte bath, so called 
meniscus-confined electrodeposition [32-35]. It utilizes an electrolyte-containing 
micropipette with a microscopic/nanoscopic dispensing nozzle (several micrometers 
down to 100 nm in diameter) as the working tool (as shown in Figure 2.1b).  As the 
micropipette approaches a conductive substrate surface to a close proximity, a meniscus 
is established between the dispensing nozzle and the substrate surface. With an 
(b) (a) 
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appropriate electrical potential applied between a metal wire which is inserted into the 
electrolyte through the back opening of the micropipette and the substrate surface, the 
substrate surface serves as the cathode and provides electrons to the metal ions Mz+ which 
are transported within the established meniscus. The metal ions are reduced at the 
electrolyte-substrate interface and deposited on the substrate surface. The micropipette is 
then pulled away from the substrate surface with an appropriate withdrawal speed which 
is synchronized with the growth rate of the local deposit, so that a stable meniscus 
maintains now between the nozzle and the growth front of the deposited wire and 
therefore sustains the continuous growth of the off-surface micro-/nano-wires. 
Figure 2.2 shows the examples of fabrications for one dimensional (1-D) metal 
wires of various lengths and diameters. As shown in Figure 2.2a, an array of Cu wires of 
~ 800 nm in diameter and 30 µm in length has been grown by using a 1 µm diameter 
micropipette filled with 0.05 M CuSO4 aqueous solution. High aspect-ratio microwires 
(Figure 2.2b) were fabricated with lengths over 80 µm and only limited by the travel 
range of the piezoelectric linear stage used in the electrodeposition system. Ultra-thin 
nanowires with diameters down to ~ 100 nm (Figure 2.2c) were also achieved by the use 
of a nanopipette having a nozzle diameter of ~ 100 nm and filled with 5 mM CuSO4 
aqueous solution. 
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Figure 2.2 Meniscus-confined electrodeposition for the fabrication of metal wires of various lengths and 
diameters. (a) SEM image showing an array of Cu wire of ~800 nm in diameter and 30 µm in length. (b) 
SEM image showing an 80 µm long Cu wire of ~1 µm in diameter. (c) SEM image showing a Cu wire of 
~120 nm in diameter and 6.8 µm in length. 
(a) 
(b) (c) 
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2.2 Meniscus-Confined Electrodeposition System 
2.2.1 System Description 
To realize the automatic fabrications of 3-D micro-/nano-structures by meniscus-
confined electrodeposition, a computer-controlled system has been built as shown in 
Figure 2.3. The system mainly consists of four subsystems: motion control, current 
measurement, humidity control and visualization subsystems. 
In the meniscus-confined electrodeposition, the fabricated structures are defined 
by the relative motion path between the micropipette and the sample substrate. Hence, a 
high-precision three-dimensional motion control system has to be employed to maintain 
the stability of the meniscus during electrodeposition growth procedure. Since current 
sensing is a critical element for both the control of the motion system and the further 
analysis of electrochemical reactions, a high-sensitivity, low-noise current measurement 
system is very important to be designed and implemented in the system. It has been 
achieved by either an electrometer or a home-made circuit, depending on the current 
measurement mode used. The current information is sent to a computer through NI USB 
Data Acquisition Card (USB9162). The data acquisition and control software was written 
by Labview. The relative humidity for the deposition is controlled within a humidity-
control chamber and finally, the visualization subsystem is simply composed of a 
microscope, a CCD camera, a monitor and a transmission light source. The microscope is 
mounted on three Burleigh inchworm stages which are manipulated directly by a 
joystick. 
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Figure 2.3 (a) Experimental setup for meniscus-confined electrodeposition. (b) Magnified image for the 
area marked by white circle in Figure 2.3a. The labels in the figures represent: (1) air table, (2) coarse Z 
stage, (3) coarse X stage, (4) coarse Y stage, (5) fine Z stage, (6) fine X-Y stage, (7) current measurement 
circuit shielded with Aluminum box, (8) power supply and switch to current measurement circuit, (9) vapor 
generator, (10) microscope, (11) stages for moving microscope, (12) monitor, (13) humidity-control 
chamber, (14) rubber membrane, (15) humidity sensor, (16) micropipette holder, (17) sample holder, (18) 
transmission light source, (19) humid air inlet to the humidity control chamber. 
(b) 
(a) 
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2.2.2 Motion Control 
To reduce the effect of vibration-induced disturbances on electrodeposition 
growth, the meniscus-confined electrodeposition system was placed on an air table. The 
motion control subsystem consists of three separate stages and one combined stage. The 
coarse X and coarse Y stages are driven by two Tiny PicomotorTM Actuators (Model 
8353, New Focus, Inc.), and the coarse Z stage is driven by a 1” PicomotorTM Actuator 
(Model 8302, New Focus, Inc.). They can be either adjusted manually or driven by a 
multi-channel picomotor driver (Model 8732, New Focus, Inc.). The fine Z stage is 
responsible for the high-precision movement of the micropipette perpendicular to the 
sample surface. It is a piezoceramic stage with an ultra-fine resolution of 1 nm and a 
large travel range of 87.5 µm (for 100 V) which allows for the deposition of high aspect-
ratio micro/nanowires. The fine X-Y stage is a combined voice coil flexure stage. By 
applying ± 9V voltage, it can provide ± 25 µm travel range with enough resolution for the 
high-precision motion parallel to the sample surface. All stages are connected through 
their own controllers to a single computer and the whole setup is controlled by a series of 
programs written in LabVIEW. 
2.2.3 Current Measurement 
Growth current is a critical parameter in the meniscus-confined electrodeposition 
system. Two current control strategies (constant voltage mode and constant current 
mode) have been employed in the experiments. 
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2.2.3.1 Constant Voltage Mode 
In this control mode, a fixed voltage is applied between the cathode and the anode 
during the whole electrodeposition process and the current profile is measured by an 
electrometer (Model 619, Keithley Instruments, Inc.). Since the applied potential directly 
affects the charge transfer reaction at the electrode/electrolyte interface, it has to be 
chosen carefully by using the cyclic voltammetry (CV) technique [31, 36]. Once the 
optimal potential is determined, the electrodeposition process proceeds as a self-regulated 
process. The details will be discussed in the section 2.3.1. 
2.2.3.2 Constant Current Mode 
The other control strategy is the constant current mode. The growth current was 
kept at a constant value, which is decided by the deposition speed and the diameter of the 
deposited wire. In order to achieve fast current measurements, a home-made circuit was 
built. The diagram of this circuit is showed in Figure 2.4. Since the resistance of the 
electrochemical cell is very high (about 500 M Ω  to2GΩ ), National SemiconductorTM 
ultra-low input current amplifier LMC6001 was used. It is an ideal choice for this 
application due to its ultra-low input current detection threshold (less than 25 fA). The 
input voltage terminal is connected to the digital-to-analogy port of NI Data Acquisition 
Card PCI6711 to provide the voltage for electrodeposition. The reference electrode 
terminal is connected to the deposition system as the anode. The R1, R2, and R3 are the 
resistors which could be used to select the different amplification scale. Although the 
LMC6001 is highly stable over a wide range of operating conditions, certain precautions 
has to be met to achieve the desired response when a large feedback resistor is used. 
Large feedback resistors with even small values of input capacitance, due to transducers, 
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photodiodes, and circuit board parasitics, reduce phase margins. When high input 
impedances are demanded, guarding of the LMC6001 is suggested. Guarding input lines 
will not only reduce leakage, but lowers stray input capacitance as well. The effect of 
input capacitance can be compensated by adding a capacitor, C1, around the feedback 
resistors. The second opamp, a micropower LMC6041 provides phase inversion and 
offset so that the output is directly proportional to electrodeposition current during the 
growth process. The total current consumption is about 1 mA for the whole system. 
 
Figure 2.4 Schematic diagram of the current measurement circuit. 
When the system was under tests, 60Hz noise signals were observed. In order to 
compensate the induced noise from the power lines, a band reject (notch) filter was 
designed as shown in Figure 2.5. UAF42 is a monolithic, time-continuous, 2nd-order 
active filter building block for both simple and complex filter designs. It uses the 
classical state-variable analog architecture with a summing amplifier plus two integrators. 
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Figure 2.5 Schematic diagram of the 60Hz notch filter. 
An auxiliary high performance operational amplifier is also provided which can 
be used for buffering, gain, real pole circuits. It also can be used to sum both the high-
pass and low-pass outputs. 
2.2.4 Humidity Control 
Relative humidity of the environment is an important parameter in the meniscus-
confined electrodeposition. It plays a dominant role in determining the growth rate of the 
deposition, but when not controlled, can disturb the continuous growth. The evaporation 
of the electrolyte near the tip of the micropipette, which is exposed to the ambient 
environment, tends to form crystallites on the tip that can block the micropipette and thus 
prevent further deposition. To prevent the solute from precipitation near the micropipette 
tip, the humidity of the adjacent environment is controlled in the meniscus-confined 
electrodeposition. A relative humidity level of ~ 50% was found to be the most optimal 
condition in the experiments. If the humidity is less than 15%, the nanopipette clogs 
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frequently during the electrodeposition. If the relative humidity is above 70%, the quality 
and growth rate of the electrodeposition will be degraded greatly. 
 
Figure 2.6 Previous version of the experimental setup for meniscus-confined electrodeposition (From [34] 
by A. P. Suryavanshi). 
Figure 2.6 illustrates the previous version of humidity control for the deposition 
system. A commercially available glove box was utilized to seal off the whole system 
from the outside environment and an ultrasonic humidifier was used to pump vapor 
inside the glove box. The drawbacks of this type of humidity control method are: first, 
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the distribution of the vapor is uneven throughout the whole glove box, which makes the 
changes of the humidity level near the deposition point unpredictable; second, all the 
motion control components are exposed to the humid environment, which shortens the 
lifetime of these electrical devices; and finally, the glove box makes the preparation and 
adjustment of the samples and micropipettes quite difficult. 
In order to overcome these shortcomings, a new type of humidity control method 
has been employed as shown in Figure 2.3b. In this method, a small plastic box is cut to 
approximately fit the relative positions between the micropipette holder, the sample 
holder and the microscope. The thin rubber membranes wrapped on the motion control 
components not only seal off the small chamber from the outside environment, but also 
provide enough flexibility for the free motion of each part. The desired humidity is 
obtained by bubbling dry air through a bottle of DI water and then entering the chamber 
at various flow rates [37-38]. The inlet of the humid air locates at the both sides of the 
chamber in order to mix the vapor properly. The flow rate of the air is controlled by a 
precision needle valve and keeps low enough during the deposition to avoid the 
disturbance to the meniscus but high enough to compensate for any leakage in the 
chamber. This type of humidity control is relatively local. Relatively even distribution of 
vapor can be obtained within the small chamber. All the electrical components are 
isolated from the humid air. The humidity sensor is installed close enough to the 
deposition point to guarantee the accurate measurement of the relative humidity for the 
deposition. 
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2.2.5 Pressure Control 
Comparing Figure 2.3b with Figure 2.6c, we can clearly see that the previous 
version of the experimental setup exposed the back end of the micropipette to the 
surrounding environment, whereas, the new version allows the addition of external 
pressure upon the electrolyte contained inside the micropipette through a special 
micropipette holder (MPH6S10). The pressure is regulated by a pressure regulator 
(PV830, World Precision Instruments, Inc.) which can be either adjusted continuously by 
a manual knob or turned on-and-off by a computer trigger signal. The normal pressure 
applied during the deposition is usually below 2 psi depending on the diameter of the 
micropipette used in the experiments. The addition of external pressure significantly 
facilitates the formation of the meniscus in certain scenarios, which makes 3-D 
electrodeposition possible. Moreover, it helps prevent the evaporation of the electrolyte 
into the ambient environment through the large back opening of the micropipette. For 
certain types of micropipettes, particle residues accumulated near the micropipette nozzle 
during the deposition can be effectively removed by applying high pressure (typically 
above 30 psi). 
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2.3 Electrochemistry in Meniscus-Confined 
Electrodeposition  
2.3.1 General Electrochemical Principles 
In the meniscus-confined electrodeposition, various metallic structures can be 
produced by reducing metal ions out of the selected electrolyte following general 
electrochemical principles. By selecting different combinations of parameters such as the 
selection of electrolyte, the type of electrodes, the potential applied, the presence of 
addictives and so on, a large variety of metal materials can be deposited, including gold, 
silver, nickel, cobalt, tin, zinc etc. In order to illustrate the performance of the proposed 
method, two types of widely used materials in electronics industry will be studied in 
details, copper (Cu) and platinum (Pt). 
As a very popular material in industry, copper has been utilized for printing 
circuit boards as well as serving as electrical connections in integrated circuit chips for 
decades. The typical electrolyte for the electrodeposition of copper is CuSO4 aqua 
solution and the basic electrochemical reaction is  
2Cu 2 Cusolution latticee
+ + →         (2-2) 
For the electrodeposition of Pt, chloroplatinic acid (H2PtCl6) is chosen as electrolyte and 
in general, the reaction proceeds by an irreversible two-step reduction of the 
hexachloroplatinate ions [39-40] 
2 2
6 4PtCl 2 PtCl 2Cle
− − −+ → +         (2-3) 
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2
4PtCl 2 Pt 4Cllatticee
− −+ → +         (2-4) 
The potential applied during the process is typically determined by the cyclic 
voltammetry (CV) [31, 36]. Cyclic voltammetry is a standard electrochemical analysis 
technique used for understanding the complex nature of electrochemical reactions 
occurring at the electrodes. A CV plot is obtained by plotting the current flowing through 
the electrochemical cell versus the applied potential, which is cycled between two 
limiting values at a constant sweep rate. It is a powerful tool to evaluate the deposition 
potential for a smooth, non-porous metal wire by providing information about the onset 
and peak potentials for the processes as metal deposition, hydrogen evolution and so on. 
 
Figure 2.7 (a) Cyclic voltammetry plot acquired for 5 mM H2PtCl6 with respect to a platinum reference 
electrode at a scan rate of 100 mV/s. (b) Cyclic voltammetry plot acquired for 5 mM CuSO4 with respect to 
a Ag/AgCl reference electrode at a scan rate of 100 mV/s (From [34] by A. P. Suryavanshi). 
Figure 2.7a shows a typical CV plot obtained in meniscus-confined 
electrodeposition using a 10µm diameter micropipette filled with 5 mM H2PtCl6 solution 
and a platinum reference electrode. The potential scan rate for all the CV experiments 
was fixed at 100 mV/s and the potential was swept with an increment of 1 mV. The peaks 
(a) (b) 
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at C1 and C2 indicate the reactions (2-3) and (2-4), respectively. As the potential increases 
further, the reduction current continues to rise due to the reduction of platinum ions as 
well as hydrogen ions. Figure 2.7b shows the CV plot for 5 mM CuSO4 solution with an 
Ag/AgCl reference electrode. The cathodic reduction and oxidation peaks are clearly seen 
at – 0.4V and 0.03V, respectively. 
The deposition potential is chosen such that it is above the cathodic reduction 
potential but below the hydrogen evolution potential. When the deposition potential is 
above the hydrogen evolution potential, the significant hydrogen bubble formation can 
agitate the meniscus and prevent stable deposition of metal wires, which results in a 
highly porous wire structure [41] instead of a solid and smooth wire structure when 
hydrogen is not co-deposited with copper atoms as shown in Figure 2.7b. 
2.3.2 Special Electrochemical Features at Small Scale 
Besides the general electrochemical principles, some special electrochemical 
features exist at such small scale. Crystalline metal electrodeposits exhibit several types 
of growth forms including layers, blocks, pyramids, ridges, spiral growth forms, 
dendrites, powders, and whiskers [31, 42]. These morphologies have been studied 
extensively and various models have been proposed to correlate specific growth forms 
with electrodeposition parameters and substrate microstructures [41]. In the meniscus-
confined electrodeposition, since the metal growth is confined within the meniscus which 
is in the order of several microns down to 100 nm in size, the nucleation and growth 
mechanism involved in electrodeposition changes due to the small scale electroactive 
areas. Reducing the electroactive area easily controls the number of nucleation sites [40] 
and restricts the size of the grains during growth, leading to a confined nanocrystalline 
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wire structure. Many material properties are strongly dependent on grain size, such as 
strength, ductility, hardness, electrical resistivity and the like [43-44]. 
Figure 2.8 shows the high-resolution transmission electron microscopy (TEM) 
images for a deposited Pt nanowire (Figure 2.8a insert) which was picked up and placed 
on a holey-carbon copper grid for analysis. The nanocrystalline structure of the nanowire 
with average grain size of ~ 10 nm (Figure 2.8a) has been clearly resolved, and further 
confirmed by the ring-pattern seen in the selected area diffraction obtained from TEM 
(Figure 2.8b). The diffraction rings correspond to the (111), (200), (220) and (311) lattice 
plane of a typical fcc Pt structure [34]. 
 
Figure 2.8 (a) TEM image showing the nanocrystalline structure of a platinum nanowire in the insert. (b) 
TEM selected area electron diffraction pattern acquired from the same nanowire (From [34] by A. P. 
Suryavanshi). 
Another special feature for such small scale electrochemical cell is the enhanced 
mass transport rate near the electrode/electrolyte interface. For the meniscus-confined 
electrodeposition, the dimension of the electroactive area is much smaller than that of the 
diffusion layer. This feature not only reduces the electrochemical response time, but also 
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increases the faradaic to charging current ratio during the growth. More important, the 
steady state current density is inversely proportional to the radius of the electrode, hence 
the growth rate is significantly increased in such small scale electrochemical cell [36, 45]. 
2.4 Conclusions 
In this chapter, the basic concept of the meniscus-confined electrodeposition was 
introduced and the fabrication of straight metal wires was demonstrated. The 
experimental setup for the meniscus-confined electrodeposition was described in detail, 
including the motion control, current measurement, humidity control and pressure control 
subsystems. Finally, the general electrochemical principles applied to the meniscus-
confined electrodeposition were described and the special features for such small scale 
electrochemical cell were discussed, including the nanocrystalline nature of the deposited 
structures and the enhanced mass transport rate during deposition. 
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Chapter  3 Theory of Meniscus-Confined 
Electrodeposition 
3.1 Introduction 
Understanding the fundamental mechanism which governs the process of the 
meniscus-confined electrodeposition is of great importance for both theoretical modeling 
and experimental practices. Quantitative modeling will provide a better understanding of 
the deposition dynamics to further enhance the characteristics of this process such as the 
growth rate, dimensional limitations and structure qualities. The previous attempt to 
model the meniscus-confined electrodeposition process obtained the theoretical values 
which showed large discrepancies with the experimental results [34]. Therefore, further 
efforts are needed to reveal the mechanism of the meniscus-confined electrodeposition. 
In this chapter, the theoretical modeling for 1-D wire growth in the meniscus-
confined electrodeposition has been realized in three aspects. First, the dynamic stability 
of the meniscus involved is discussed to find a stability region within which a continuous 
1-D wire growth can sustain. Then, a typically used recessed microelectrode model is 
evaluated and discrepancies with experimental data are found. Finally, an evaporation-
based model is established and proved to be the better simulation by the experiments. 
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3.2 Meniscus Stability 
The stability of meniscus is an intensively studied field for the sake of its wide 
applications in industries [46-50]. More important, it is the fundamental issue for 
sustaining the continuous and uniform growth of structures in the meniscus-confined 
electrodeposition. The size and shape of the meniscus formed between the pipette and the 
growing metal wire is defined by the size of the pipette and the thermodynamic properties 
of the liquid solution and the involved interfaces, and additionally by the separation 
between the pipette and the growth front of the wire (thus the withdrawal speed of the 
micropipette and the growth rate of the wire). In order to find the criteria for the stability 
of meniscus, thus optimizing the parameters during growth, the coordinates used to 
describe a meniscus is established as shown in Figure 3.1. 
 
Figure 3.1 Coordinates used to describe a meniscus in vertical wire growth. 
In general, the stability of the meniscus for this continuous electrodeposition of a 
uniform diameter wire is largely governed by wetting conditions involved with the 
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micropipette and the wire growth front. A uniform cross section will result when the 
growth angle φ between the pulling direction and the meniscus slope at the wire growth 
front is constant and equal to the angle φ0 derived from the thermodynamic equilibrium 
condition at the three-phase interface line. The expression for the growth angle was 
derived by V. V. Voronkov [50] as 
( )2 2 20 lg lgarccos / 2sg sl sgϕ γ γ γ γ γ⎡ ⎤= + −⎣ ⎦        (3-1) 
where lgγ and sgγ are the surface energies of the electrolyte and the metal wire with water 
molecule absorption and slγ is the interfacial energy of the metal/liquid interface. This 
angle is determined to be ~ 12° for the copper-water-air system and ~ 0.5° for the 
platinum-water-air system according to the surface energy and interfacial energy values 
listed in literatures [51-52]. The surface energy can also be affected by several factors, 
such as the electrostatic force, the potential applied, and the concentration of the solution. 
In the meniscus-confined electrodeposition, the electrolyte is electrically neutral, so there 
is no charge effect on the surface energy of involved interfaces. The applied potential 
over the electrolyte for electrodeposition does not produce a potential drop on the metal 
materials and does not modify the surface energy of the metal. Finally, for typical salt 
aqueous solutions with regular concentrations, their surface energy values are majorly 
determined by the surface energy of water, and at most altered by less than 5% [53]. 
Hence, those factors are not expected to affect the results derived from the meniscus 
stability model described below. 
The shape of the meniscus can be derived from the minimization of the total free 
energy for the meniscus. In the coordinate established in Figure 3.1, the meniscus shape 
during stable growth is described by [48, 50] 
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'' ' '2 '2 3/2(1 ) 2( )(1 ) 0z r z z d z z r+ + ± − + =       (3-2) 
where / 2d p γ= Δ  in which pΔ  and γ  are the pressure applied and the surface energy of 
the liquid, respectively. The capillary constant ( )1/22 /a gγ ρ=  is taken as a unit length 
for measuring all the linear dimensions. In this study, the meniscus has a very large 
curvature, and therefore the weight of the liquid column can be neglected as compared to 
the capillary pressure. Then equation (3-2) becomes 
'' ' '2 '2 3/2(1 ) 2 (1 ) 0z r z z d z r+ + ± + =        (3-3) 
In vertical wire growth, no pressure is added, and thus equation (3-3) can be simplified as 
'' ' '2(1 ) 0z r z z+ + =          (3-4) 
with the boundary conditions ( )0 0z r r= =  and ( )' 0tanz r R α= = − , in which 
0 0/ 2α π ϕ= − , 0r  and R  are the radius of the micropipette nozzle and the grown wire, 
respectively. The integral of equation (3-4) has the following form 
'
0'2
sin
1
rz R
z
α=− +          (3-5) 
The meniscus profile curve can be obtained from equation (3-5) as 
1 10
0
0 0
( ) sin cosh cosh
sin sin
r rz r R
R R
α α α
− −⎛ ⎞= −⎜ ⎟⎝ ⎠
      (3-6) 
Using angle 1α  (the angle between the r  axis direction and the meniscus slope at the 
pipette opening as shown in Figure 3.1), the expression for the meniscus height is 
1 1
0 1
1 0
1 1( ) sin cosh cosh
sin sin
z R h r α α α
− −⎛ ⎞= = −⎜ ⎟⎝ ⎠
     (3-7) 
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At a fixed angle 1α , meniscus height, equation (3-7), is a monotonically increasing 
function of 0α . At 0 / 2α π= , it becomes a limiting case. The limiting profile is 
1 10( ) cosh coshr rz r R
R R
− −⎛ ⎞= −⎜ ⎟⎝ ⎠        (3-8) 
The meniscus height in the limiting case can be expressed as 
1 0
0( ) cosh
rz R h R
R
−= =         (3-9) 
Taking the derivative of equation (3-9), we have 
2
1 0
2 2
0
cosh 0rdz R
dR R r R
−= − =−        (3-10) 
Therefore, the extremes of both meniscus height and wire diameter in the limiting case 
obtained from equation (3-10) are min 00.55R r=  and max max 00.66z h r= = , respectively. 
For the cases other than limiting case, the relationship between meniscus height and wire 
diameter can be expressed as 
1 10
0
0 0
1( ) ( ) sin cosh cosh
sin sin
rz R h R R
R
α α α
− −⎛ ⎞= = −⎜ ⎟⎝ ⎠
    (3-11) 
3.2.1 Computational Results for Pt Wire Growth 
Since the Pt wire can be fully wetted by the aqua solution (the equilibrium growth 
angle φ0 is ~ 0.5° for the platinum-water-air system), the relationship between the 
meniscus height and the deposited wire diameter is very similar to that of the limiting 
case. The curve ( )h R  for a Pt vertical wire growth with the micropipette diameter of 1.6 
µm is shown in Figure 3.2. We can find that there exists a maximum meniscus height 
maxh , thus dividing the curve into two regions. In region B, by increasing the withdrawal 
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speed of the micropipette or decreasing the growth rate of the wire, the meniscus height is 
increased up to the maximum meniscus height maxh , and at the same time, the grown wire 
radius is reduced from a value near the radius of the micropipette (point b) to a value 
minR  corresponding to maxh (point a). Only within this region, the meniscus is stable and a 
continuous growth can sustain. Further reduction of the wire radius leads to a decrease of 
the allowed meniscus height, entering the unstable region A, and hence the instability of 
the meniscus occurs. 
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Figure 3.2 ( )h R  curve for a Pt vertical wire growth with the micropipette diameter of 1.6 µm. 
Within the stable growth region, the deviation of the growth angle ϕ  from the 
equilibrium angle 0ϕ  leads to the fluctuation of the wire size according to [50, 54] 
0
( ) ( ) tan( ) ( ) tanN w N w
d R v v v v
dt
δ ϕ ϕ δϕ= − − = −      (3-12) 
where Nv  is the withdrawal speed of the micropipette and wv  is the growth rate of the 
wire. Rδ  and δϕ  are the perturbation of the wire radius and the growth angle, 
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respectively. In order to maintain a uniform growth, it is needed to match the withdrawal 
speed of the micropipette Nv  with the growth rate of the wire wv . And the growth rate of 
the wire is simply defined by the Faraday’s law 
2w
A
iMv
neN Rρπ=          (3-13) 
where i is the electrodeposition current, M and ρ are the molar mass and the mass density 
of the deposited material; n is the number of electrons transferred per ion, e is the 
electron charge, and NA is the Avogadro’s number, respectively. 
Figure 3.3 shows the predictions from the model described above. It clearly 
predicts a parameter window (region ab) for the stable growth of wires in terms of the 
deposited wire radius, the withdrawal speed and the applied ionic current. When the 
applied ionic current is fixed (Figure 3.3a), the continuous growth can only survive 
within a certain speed window. Similarly, a current window is defined at a specific 
withdrawal speed (Figure 3.3b). Beyond this parameter window, the continuous growth 
will be stopped either by clogging the micropipette (beyond point b) or by breaking up 
the meniscus (beyond point a). Such predicted stability of meniscus affords a robust 
process needed for the fabrication of three-dimensional structures as demonstrated in this 
study. 
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Figure 3.3 Meniscus stability defined parameter windows for the stable electrodeposition of uniform 
diameter Pt wires. (a) Dependence of wire radius on the withdrawal speed of the micropipette at a fixed 
ionic current of ~ 12 nA with the use of a micropipette having a nozzle diameter of 1.6 µm. (b) Dependence 
of wire radius on the ionic current at a fixed withdrawal speed of 0.30 µm/s with the use of the same 
micropipette. 
(a) 
(b) 
 31
3.2.2 Computational Results for Cu Wire Growth 
Since the equilibrium growth angle φ0 for copper-water-air system is ~ 12° rather 
than ~ 0° for platinum-water-air system as mentioned above, the relationship between the 
meniscus height and the deposited wire radius in the case of the Cu wire growth is 
different with that in the Pt wire growth. A family of h(R) curves for the Cu wire growth 
with the pipette diameters ranging from 100 nm to 3 µm is shown in Figure 3.4a and 
Figure 3.4b. It can be clearly noticed that the limitation for the smallest feature that can 
be fabricated with the pipette radius of 0r  is ~ 0.5 0r . The maximum meniscus height 
increases when the pipette diameter increases. And the increase in the stability margin of 
the meniscus, between ~ 0.5 0r  and 0r , is attributed to the increase of the pipette diameter. 
Base on equation (3-13), the stable growth windows can also be found in the case 
of the Cu wire growth. The speed windows for the stable growth at different growth 
currents with the use of a micropipette having a diameter of 1.6 µm are illustrated in 
Figure 3.5a. As the growth current increases, the stable speed window is pushed towards 
right hand side which has higher withdrawal speed, due to the increase of the deposition 
rate. 
The stable current windows at different withdrawal speeds are shown in Figure 
3.5b. In order to guarantee the consistence, the same procedure was performed and the 
same micropipette as Figure 3.5a was used. It can be clearly noticed that the stable 
current window is significantly broadened at higher withdrawal speed, which indicates 
better meniscus stability when the system is operated under a higher withdrawal speed. 
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Figure 3.4 ( )h R  curves for Cu wires growth with the pipette diameters ranging from 100 nm to 3 µm. (a) 
Growth with nanopipettes (1) 100 nm, (2) 200 nm, and (3) 500 nm in diameter. (b) Growth with 
micropipettes (1) 1 µm, (2) 2 µm, and (3) 3 µm in diameter, respectively. 
(a) 
(b) 
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Figure 3.5 Meniscus stability defined parameter windows for the stable electrodeposition of uniform 
diameter Cu wires. (a) Stable speed windows at different growth currents (1) 10 nA, (2) 12 nA, and (3) 15 
nA. (b)Stable current windows at different withdrawal speeds (1) 0.2 µm/s, (2) 0.3 µm/s, and (3) 0.4 µm/s. 
3.3 Diffusion 
In electrochemical deposition, the overall electrode reaction is usually composed 
of a sequence of partial reactions. There are four possible partial reactions and thus four 
(a) 
(b) 
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types of rate control: charge transfer, mass transport, chemical reaction and 
crystallization. (1) Charge-transfer reaction involves transfer of charge carriers, ions or 
electrons, across the double layer. This transfer occurs between the electrode and an ion, 
or molecule. The charge-transfer reaction is the only partial reaction directly affected by 
the electrode potential, and thus the rate of charge-transfer reaction is determined by the 
electrode potential. (2) Mass transport processes are involved in the overall reaction. In 
these processes, the substances consumed or formed during the electrode reaction are 
transported from the bulk solution to the interface (electrode surface) and vice versa. This 
mass transport takes place by diffusion. (3) Chemical reaction can be homogeneous 
reactions in the solution and heterogeneous reactions at the surface. The rate constant of 
chemical reactions are independent of potential. (4) Processes at metal/metal-ion 
electrodes include crystallization partial reactions. These are processes by which atoms 
are either incorporated into or removed from the crystal lattice. 
The slowest partial reaction mentioned above is rate-determining for the total 
overall reaction. Typically, the reactions involved in this study ( 2Cu 2 Cusolution latticee
+ + →  
and 2 26 4PtCl 2 PtCl 2Cle
− − −+ → + , 24PtCl 2 Pt 4Cllatticee− −+ → +  ) are fast enough, such 
that the mass transport is usually the rate-determining step. Therefore, we now begin with 
the analysis proposed by a diffusion-limited model. 
A disk microelectrode is first considered, which is embedded in an insulating 
medium that forms a geometric continuation of the electrode plane, named planar disk 
microelectrode (Figure 3.6a). By solving the diffusion equation with appropriate 
boundary and initial conditions, the steady-state diffusion-limited current for the planar 
disk microelectrode, planari , can be expressed as [36, 55] 
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04planari nFDC r=          (3-14) 
where n is the stoichiometric number of involved electron transfer, F is the Faraday 
constant, D is the diffusion coefficient and C0 is the bulk concentration, and r is the 
radius of the disk microelectrode. For Cu2+ in 0.05M CuSO4-water solution, D is 
6.09×10-6 cm2/s [56]. 
 
Figure 3.6 Diffusion-limited models. (a) A planar disk microelectrode, (b) A micropipette, (c) A recessed 
disk microelectrode. 
However, in our case, the diffusion to the microelectrode happens only within the 
steeply tapered micropipette instead of from the full half-space above the microelectrode. 
This diffusion behavior much more resembles a conically recessed disk microelectrode 
(Figure 3.6b). Since the conical angle of the micropipette used in our experiments is 
typically less than 5°, it can be estimated as a recessed disk microelectrode [57] as shown 
in Figure 3.6c. For a recessed disk microelectrode, the steady-state diffusion-limited 
current, recessedi , was derived by assuming a linear concentration profile within the recess 
and a uniform concentration across its mouth. The expression for recessedi  is [55] 
2
04
4recessed
n DC
L
i F r
r
π
π= +         (3-15) 
(a) (b) (c) 
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which is smaller than that of the planar disk microelectrode by the factor of (4 / ) 1L rπ + , 
where L is the length of the recess and in our case it equivalents to the thickness of the 
diffusion layer which varies with experimental time according to 2Dt  [31, 36]. A 
diffusion layer thickness of ~ 11 µm is built up in a typical experimental time of 0.1 s. 
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Figure 3.7 Steady-state diffusion-limited currents from different models. (1) From equation (3-14) and (2) 
From equation (3-15). 
Figure 3.7 illustrates the dependence of the variable i/4nFDC0 on the radius of the 
micropipette for both equation (3-14) and equation (3-15). When comparing the 
experimental results with these diffusion-limited models as listed in Table 3.1, it can be 
found that there exist large discrepancies between the acquired steady-state current in our 
experiments and the calculated steady-state current from equation (3-15). Especially for 
those high aspect-ratio, small nozzle micropipettes within which the diffusion of ions is 
significantly suppressed, the discrepancies increase exponentially. 
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Table 3.1 Measured steady-state current values and the corresponding calculated steady-state current 
values for a set of 15 micropipettes. (Parts of data from [34] by A. P. Suryavanshi) 
 
Micropipette 
aperture 
radius (μm) 
Concentration 
of electrolyte 
(mM) 
Measured 
steady-state 
current (nA) 
Calculated 
steady-state 
current from 
equation (3-14) 
(nA) 
Calculated 
steady-state 
current from 
equation (3-15) 
(nA) 
1 0.08 5 0.20 0.19 0.0011 
2 0.25 5 0.80 0.59 0.010 
3 0.25 5 0.77 0.59 0.010 
4 0.25 10 1.26 1.18 0.021 
5 0.25 10 1.74 1.18 0.021 
6 0.25 10 1.20 1.18 0.021 
7 0.25 10 1.22 1.18 0.021 
8 0.25 10 1.15 1.18 0.021 
9 0.25 10 1.31 1.18 0.021 
10 0.25 10 1.29 1.18 0.021 
11 0.25 10 1.31 1.18 0.021 
12 0.25 50 5.90 5.88 0.103 
13 0.80 50 12.00 18.80 1.016 
14 5.00 50 92.00 117.53 30.92 
15 5.00 65 150.00 152.78 40.19 
These data clearly show a fact that the pure diffusion process can not suffice the 
ions supply for the deposition, and instead, another mechanism for ion transport is 
dominant during the meniscus-confined electrodeposition. 
 38
3.4 Evaporation 
In order to explore the mechanism of the meniscus-confined electrodeposition 
further, we developed an evaporation-based model, on the basis of the repeatable 
experimental observations of the obvious influence of environmental humidity on the 
growth processes. Once a meniscus is established between the micropipette and the 
substrate, the evaporation of water to the ambient environment at the surface of the 
meniscus cannot be avoided, as long as the vapor pressure of the environment is lower 
than the saturated vapor pressure at the surface of the meniscus. As water evaporates 
rapidly from the meniscus, the water molecules within the micropipette move towards the 
meniscus to compensate for the loss due to evaporation. The ions presented in the 
solution are brought along with the water molecules, and thus accumulated within the 
meniscus. At the equilibrium, the amount of ions replenished by evaporation is equal to 
the amount of ions that are consumed at the electrolyte-metal deposit interface by 
electrodeposition. 
The ion transport driven by evaporation makes the diffusion not to be a rate-
determining step any more which is a reasonable explanation for the discrepancies caused 
by the diffusion-limited model observed in last section. In fact, the ions accumulated 
within the meniscus lead to a much higher concentration of the solute than that in the 
bulk solution. Similar phenomena have been observed in other literatures [58-60]. In an 
experiment involving microscale patterning of copper sulfate crystals, Lopez-Rios and 
his coworkers used a 20 µm-diameter micropipette filled with copper sulfate solution of 
different concentrations to deposit droplets onto a substrate in ambient humidity [58]. 
After the droplets evaporated, copper sulfate crystals were left behind on the substrate. 
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They observed that the copper sulfate crystals left behind after evaporation of the droplets 
were always the same in size irrespective of the bulk concentration of copper sulfate 
solution presented in the micropipette. Experiments carried out by Churaev [59-60] on 
evaporation of an aqueous potassium chloride solution within fine capillaries indicate that 
the solution concentration at the meniscus can even reach supersaturation irrespective of 
the bulk concentration of the solution within the capillary. 
Although there indeed exists the back diffusion of ions from the meniscus back to 
the micropipette owing to the concentration gradient between the meniscus and the bulk 
solution, the amount of ions transported by back diffusion are just a fraction of the ions 
moved in the opposite direction driven by evaporation for the same reason as the 
significantly suppressed diffusion within micropipettes. Therefore, we can come to a 
speculative conclusion that the ion transport driven by evaporation supplies the ion 
consumption for electrodeposition and dominates in the contribution for the ionic current 
acquired in our experiments. 
Before establishing the evaporation-based model, we first convert the meniscus 
under study into an equivalent droplet with an equivalent radius of a and the same 
exposed surface area to the ambient environment as the meniscus in concern, so that we 
can simplify the evaporation problem as following [61]. 
3.4.1 Mass Transport Related to Evaporation 
If we let vj
G
 denote the flux density vector of water vapor mass, then for moist air 
moving with velocity uG  relative to the equivalent droplet, vj
G
 may be represented as the 
sum of contributions due to diffusion and convection 
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v v v vj D uρ ρ= − ∇ +G G          (3-16) 
where vD  is the diffusion coefficient or conductivity for water vapor, and vρ  is the 
water vapor density. Then from the continuity equation, v v/ t jρ∂ ∂ = −∇⋅ G , we obtain the 
convective diffusion equation for water vapor 
2v
v v vu Dt
ρ ρ ρ∂ + ⋅∇ = ∇∂
G
        (3-17) 
To obtain equation (3-17), we have made the usual assumptions that 0u∇ ⋅ =G , and that 
vD  is constant over the region of interest. We also made the implicit assumption that the 
total air density ρ  is constant in the vicinity of the droplet. By extrapolating the 
experimental results, the estimate expression for the diffusivity vD  of water vapor in air 
is derived as [62] 
1.94
0
v
0
0.211 pTD
T p
⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠         (3-18) 
with T0 = 273.15 K, p0 = 1013.25 mb, and vD  in cm
2sec-1. 
For a motionless droplet, the usual flow boundary condition at the surface is 
0u =G . Considering the initial-value problem of radially symmetric diffusion from a 
motionless droplet of radius a, subject to the boundary condition 
v v,( , ) constantaa tρ ρ= = , and the initial condition v v,( ,0) constantrρ ρ ∞= =  for r a> , 
the solution of equation (3-17) is given by 
v v, v, v,
v
( , ) ( ) 1
2a
a r ar t erf
r D t
ρ ρ ρ ρ∞ ∞
⎡ ⎤⎛ ⎞−= + − −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
     (3-19) 
From this expression the vapor flux at the droplet surface is found to be 
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v v, v,v
v v
v
( )
ˆ 1ar r a
r a
D aj e D
r a D t
ρ ρρ
π
∞
=
=
⎛ ⎞−∂⎛ ⎞⋅ = − = +⎜ ⎟⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠
G
    (3-20) 
where ˆre  is the unit vector at any point. v,aρ  and v,ρ ∞  represent the water vapor density 
at the droplet surface and in the ambient environment, respectively. Therefore, it can be 
seen that the steady state description will be valid for times 2c v/t t a Dπ= . For the 
conditions in our study, 7c (10 )sect O
−= . Thus we may justifiably ignore the non-steady 
state contribution to the diffusional evaporation of the equivalent droplet. 
From equation (3-20), we can see that the steady state description for the rate of 
change of the droplet mass m for a motionless droplet, dm/dt, is given by 
v v v, v,ˆ 4 ( )r a
S
dm j e dS aD
dt
π ρ ρ∞= − ⋅ = −∫ G       (3-21) 
where 2( 4 )S aπ=  denotes the droplet surface area. An alternative expression in terms of 
vapor pressure e and temperature T may be obtained by substituting the equation of state, 
v w/e RT Mρ= , into equation (3-21) 
v w4 a
a
aD M eedm
dt R T T
π ∞
∞
⎛ ⎞= −⎜ ⎟⎝ ⎠         (3-22) 
where wM  is the molecular weight of water and R  is the universal gas constant. e∞  and 
T∞  represent the water vapor pressure and temperature in the ambient environment. ae  
and aT  represent the equilibrium vapor pressure and temperature at the droplet surface. 
The description of diffusional evaporation provided by equation (3-22) must 
break down for very small droplets. This happens because the assumption that the moist 
air is a continuous field right up to the droplet surface, which is implicit in the 
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formulation presented so far, becomes quite unrealistic for droplets with radii comparable 
to the mean free path λ of air molecules. A semi-empirical extension of the continuous 
description to account for this effect has been carried out by Fuks [63]. Fuchs assumed 
the diffusion equation and its solution are valid only for distances greater than the vapor 
jump length v λΔ ≈  from the droplet surface. Within the layer va r a≤ ≤ + Δ , vapor 
transport is assumed to occur according to an elementary gas kinetic mechanism. The 
condition of continuity for vapor flux across the surface vr a= + Δ  may be invoked to 
complete the description. Proceeding in this manner, the steady state description for the 
rate of change of the droplet mass, dm/dt, for a small droplet has a similar form as 
equation (3-22), where now vD  is replace by a modified diffusivity, vD
∗ , given by [64] 
v
v 1/2
v w
v e
2
a
DD
D Ma
a a RT
π
α
∗ = ⎡ ⎤⎛ ⎞⎢ ⎥+ ⎜ ⎟+ Δ⎢ ⎥⎝ ⎠⎣ ⎦
       (3-23) 
where eα  is the evaporation coefficient. 
To solve equation (3-22), we still need expressions for the vapor pressures. The 
vapor pressure in the ambient environment, e∞ , is determined by the relative humidity, 
Φ, and the saturated vapor pressure, sat ( )e T∞ , at the ambient temperature as 
sat ( )e e TΦ∞ ∞=          (3-24) 
And the temperature dependence of the saturated vapor pressure is presented by Buck 
[65-66], which is commonly encountered in the literatures and provides a reasonable 
balance between complexity and accuracy. It is formulated as 
sat ( ) 6.1121exp 18.678 234.5 257.14
T Te T
T
⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠     (3-25) 
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with T expressed in °C and sat ( )e T  in hPa. 
The equilibrium vapor pressure at the droplet surface, ae , can be determined by 
Kelvin equation. It demonstrates that at any given temperature, the saturated vapor 
pressure over the surface of a water droplet is larger than that over a flat surface and 
increasingly so with decreasing radius. The ratio between these two values is 
w w/a
sat w
2exp
( )
a
a a
e M
e T RT a
γ
ρ
⎛ ⎞= ⎜ ⎟⎝ ⎠
        (3-26) 
where w/aγ  is the surface tension for a water-air interface and wρ  is the density of water. 
3.4.2 Heat Transfer Related to Evaporation 
Water vapor transport by diffusion to or from a droplet necessarily involves a 
substantial flow of heat as well, owing to the release or absorption of heat for phase 
change. The resulting temperature difference between the droplet and its local 
environment cause a flow of sensible heat by the familiar process of thermal diffusion or 
heat conduction. The flux density vector hj
G
 for heat transport by this process is given by 
Fourier’s law 
hj k T= − ∇
G
          (3-27) 
where k is the thermal conductivity of medium through which heat is transported. 
From equation (3-27), and for the physical conditions of relevance in our 
experiments, we can derive an equation for the transport of heat which is analogous to 
equation (3-17). From the meaning of hj
G
, the conductive heat change experienced by a 
moving volume element δV of air in time dt is just hj Vdtδ−∇⋅ G . Since the heated or 
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cooled air in the vicinity of a droplet is free to expand or contract, the heat exchange may 
be assumed to occur at constant pressure. Then the corresponding enthalpy change of the 
considered volume element is just h( )d h V j Vdtρδ δ= −∇⋅ G , where h is the enthalpy of air 
per unit mass of air. Also, since pdh c dT= , and considering that ( ) 0d Vρδ =  by 
conservation of mass, we arrive at the desired result 
2h
p
jdT T u T T
dt t c
κρ
∇⋅∂= + ⋅∇ = − = ∇∂
GG
      (3-28) 
where p/k cκ ρ≡  is called the thermal diffusivity, with ρ and cp being the density and 
specific heat of air, and in which equation (3-27) has been inserted for hj
G
. To obtain 
equation (3-28), we have assumed k to be a constant over the region of interest, and 
ak k≈  which is the thermal conductivity of dry air and varies with temperature according 
to 5a (5.69 0.017 ) 10k T
−= + ×  [67] with T in °C and k in cal cm-1sec-1°C-1. 
From the identical forms of equation (3-17) and (3-28), we can follow the 
argument in the previous section concerning the validity of assuming a steady state. This 
will be permissible for times 2c /t t a πκ∗ = . Since vDκ ≈ , then c ct t∗ ≈  and so we can 
generally ignore the non-steady state contribution to the conductive heat flow to or from 
evaporating droplets. Therefore, from the same mathematical arguments as used in the 
previous section, we conclude the rate of conductive heat transfer to a motionless droplet 
may be expressed as 
a4 ( )a
dq ak T T
dt
π ∞= −          (3-29) 
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We may also correct k for gas kinetic effects in exactly the same manner as for the 
previous case of vapor diffusion. The only difference is in the replacement of the vapor 
mass flux per unit area by the heat flux per unit area. The modified form for the thermal 
conductivity is then given by 
a
a 1/2
a a
T T pa
2
a
kk
k Ma
a a c RT
π
α ρ
∗ = ⎡ ⎤⎛ ⎞⎢ ⎥+ ⎜ ⎟+ Δ⎢ ⎥⎝ ⎠⎣ ⎦
      (3-30) 
where Tα  is the thermal accommodation coefficient and cpa is the specific heat of air. 
The thermal jump distance TΔ  is analogous to vΔ  in equation (3-23). 
3.4.3 Evaporation of a Stationary Droplet 
We now need to formulate a governing equation for the diffusional evaporation of 
a single stationary droplet in a motionless environment. Recalling equation (3-22), an 
expression for the temperature Ta at the droplet surface can be obtained by considering 
the coupling of the rates of change for heat and mass through latent heat release 
e
dq dmL
dt dt
= −           (3-31) 
where eL  is the specific latent heat of evaporation, whose temperature dependence can be 
expressed by empirical fits to values given in the Smithsonian Meteorological Tables 
(SMT) as [61, 68] 
e
273.15597.3L
T
ξ⎛ ⎞= ⎜ ⎟⎝ ⎠         (3-32) 
where 40.167 3.67 10 Tξ −= + × , with T expressed in K and eL  in cal g-1. 
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By simultaneously solving equations (3-22), (3-29) and (3-31), we can get three 
dependent variables: the mass transport rate (dm/dt), the heat transfer rate (dq/dt) and the 
surface temperature of the meniscus ( aT ). 
3.4.4 Computational Results 
The effect of environmental humidity can be clearly figured out by plotting the Φ- 
dm/dt and Φ-Ta curves as shown in Figure 3.8. In Figure 3.8a, as the relative humidity 
increases, the evaporation of water molecules becomes less intense and hence, the mass 
transport rate decreases. When the relative humidity approaches ~100%, the evaporation 
of water molecules is suppressed so significantly that the mass transport rate is almost 
zero. The effect of relative humidity on the mass transport rate is more obvious at higher 
environmental temperatures. For the effect of relative humidity on the surface 
temperature of the meniscus as shown in Figure 3.8b, it is clearly noticed that at low 
humidity level, the heat transferred out of the meniscus due to the evaporation, makes the 
surface temperature of the meniscus far below the environmental temperature. As the 
relative humidity increases, the surface temperature of the meniscus approaches the 
environmental temperature. 
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Figure 3.8 Effects of environmental humidity (a) On the mass transport rate at different environmental 
temperatures (1) 20 °C, (2) 25 °C, and (3) 30 °C. (b) On the surface temperature of the meniscus at 
different environmental temperatures (1) 20 °C, (2) 25 °C, and (3) 30 °C. 
The calculations for the relationship between the environmental temperature and 
the mass transport rate clearly show that high temperature facilitates the evaporation of 
water molecules and hence, leads to larger mass transport rate. This effect is more 
remarkable at lower environmental humidity as illustrated in Figure 3.9. 
(a) 
(b) 
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Figure 3.9 Effect of environmental temperature on the mass transport rate at different environmental 
humidity (1) 30%, (2) 50%, and (3) 80%. 
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Figure 3.10 Effect of evaporation on the concentration profile within the micropipette and in the 
micropipette axial direction. (1) Concentration profile without evaporation. (2) Concentration profile with 
evaporation. 
The mass transport rate (dm/dt) can be converted to the ionic current induced by 
evaporation (ievaporation) as 
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A
evaporation
w
neN C dmi
dtρ
∗
= ⋅         (3-33) 
where n is the number of electrons transferred per ion; e is the electron charge; NA is the 
Avogadro’s number; and ρw is the mass density of water. In the above equation, an 
equivalent concentration C* has been used to take the effect of evaporation on the 
concentration profile within the micropipette and in the micropipette axial direction into 
consideration, as shown in Figure 3.10. In the practical experiments, it was reasonable to 
estimate the equivalent concentration (C*) by the bulk concentration (C0). 
Based on equation (3-15) and (3-33), the computational results are compared with 
the experimental data as listed in Table 3.2. In the previous work [34], the effect of 
evaporation on the ionic current has been ignored. However, the ionic current induced by 
evaporation has a great contribution to the electrodepositon process. Especially, for the 
small-aperture pipette, the ionic current induced by evaporation obviously dominates 
over the current contributed by diffusion. From Table 3.2, it can be clearly noticed that 
although there still exist some discrepancies between the calculated values and the 
experimental results, the proposed evaporation-based model has significantly improved 
the accuracy of the theoretical results comparing with the previous work [34]. This trend 
can also be noticed in Figure 3.11, in which the ratios between the current induced by 
evaporation (ievaporation) and the current contributed by diffusion (idiffusion) are plotted in 
terms of the micropipette radius (r0). And the dominancy of the evaporation-induced 
current becomes more remarkable at lower environmental humidity because of the 
enhanced evaporation. 
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Table 3.2 Measured steady-state current values and the corresponding calculated current values for both 
diffusion model and evaporation-based model. (Parts of data from [34] by A. P. Suryavanshi) 
 
Micropipette 
aperture radius 
(μm) 
Measured 
steady-state 
current (nA) 
Current contributed 
by diffusion from 
equation (3-15) 
(nA) 
Current induced by 
evaporation from 
equation (3-33) 
(nA) 
1 0.08 0.20 0.0011 0.059 
2 0.25 0.80 0.010 0.18 
3 0.25 0.77 0.010 0.18 
4 0.25 1.26 0.021 0.37 
5 0.25 1.74 0.021 0.37 
6 0.25 1.20 0.021 0.37 
7 0.25 1.22 0.021 0.37 
8 0.25 1.15 0.021 0.37 
9 0.25 1.31 0.021 0.37 
10 0.25 1.29 0.021 0.37 
11 0.25 1.31 0.021 0.37 
12 0.25 5.90 0.103 1.83 
13 0.80 12.00 1.016 5.81 
14 5.00 92.00 30.92 36.27 
15 5.00 150.00 40.19 47.16 
The reason for the discrepancies between the calculated values and the 
experimental results could be the concentration distribution within the micropipette. The 
actual equivalent concentration within the micropipette is probably much higher than the 
bulk concentration because of the evaporation. Therefore, the concentration distribution 
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within the micropipette has to be carefully studied, if further improvements for the 
theoretical modeling are needed. 
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Figure 3.11 Calculated values of ievaporation / idiffusion at different environmental humidity (1) 10%, (2) 
30%, and (3) 40%. 
Last but not least, the heat transfer power during the evaporation has been 
estimated as ~ 2400nW for a typical mass transport rate at 1 ng/s, which is much higher 
than the power of Joule heating (~ 2nW) during deposition at a typical experimental 
condition of i =10nA and V=0.2V. 
3.5 Conclusions 
In this chapter, the theoretical modeling for 1-D wire growth in the meniscus-
confined electrodeposition has been achieved in three aspects. First, the dynamic stability 
of the meniscus involved has been studied to find a stability region within which a 
continuous 1-D wire growth can be sustained. Then, a typically used recessed 
microelectrode model was evaluated and discrepancies compared with experimental data 
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were found. Finally, an evaporation-based model was developed. In order to test the 
performance of the proposed model, the simulations and practical experiments have been 
carried out. The better agreement between the model output and experimental data can be 
found. 
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Chapter  4  Fabrications of High Aspect-
Ratio Nanoprobes 
4.1 Introduction 
There has been a sustained effort in developing new types of nanoprobes and 
exploring new uses of such nanoprobes for various electrochemical studies in the past 
two decades. The use of nanoprobe intrinsically enhances the mass transport rate, which 
reduces the electrode response time, enables the study of fast chemical reactions [69] and 
increases the faradaic to charging current ratio in the measurement [70]. It improves also 
significantly the spatial imaging resolution of the scanning electrochemical microscopy 
(SECM) [71-72] and allows electrochemical analyses in ultra-small volumes [73-74], 
including the studies of membrane transport [75] and redox activities inside individual 
cells [76]. 
Various techniques have been developed for the fabrication of nanoprobes, 
including the use of etched metal wires [69, 77-82] or carbon fibers [83] passivated on 
the side wall with insulating materials, such as glass [69, 77], Apiezon wax [78], 
electrophoretic paint [79-80, 83], polyimide [81] and other materials [82]. Such probes 
often have tapered ends, which makes difficult determining the actual shape and area of 
the active electrodes critical for the ensuing electrochemical analyses [84]. Another 
involves the use of a pipette puller to simultaneously pull a glass capillary with an 
inserted metal microwire [85-87]. This makes a well-defined disk nanoprobe at the very 
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end of the tip with the rest of the microwire tightly sealed within the glass capillary. 
However, the surrounding glass layer can be as thick as several times of the radius of the 
active electrode, leading to an enlarged total tip structure that is not favorable for 
measurements in a small environment. Last but not least, nanotube probes are fabricated 
by attaching individual nanotubes on conductive macroscopic needles [74, 88]. However, 
the difficulty in insulating the whole structure, including both the nanotube and the 
macroscopic needle limits its applicability in bulk liquid environments. Furthermore, 
owing to the hollow nature of nanotubes, it is not easy to exactly determine the active 
area of such probes. 
In this chapter, we report the direct fabrication of Pt cylindrical and disk 
nanoprobes that are high aspect-ratio and fully passivated. We applied the meniscus-
confined electrodeposition technique to grow a long and solid Pt nanowire directly on the 
exposed electrode of an ultramicroelectrode probe to form an extend needle electrode. 
We further applied an electropolymerization method to passivate the grown nanowire to 
make a disk nanoprobe with a thin insulating wall. The ensuing voltammetry analyses 
with such needle electrodes confirmed their applicability for electrochemical studies. 
4.2 Nanoprobes Fabrication Process 
4.2.1 Chemicals and Apparatus 
Chemicals. Chloroplatinic acid hydrate (99.9%), liquefied phenol and potassium 
chloride were purchased from Sigma-Aldrich, Inc. Hexaammineruthenium (III) chloride 
(99%, Strem Chemicals), sulfuric acid (96.1%, Mallinckrodt Baker, Inc.) and potassium 
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sulfate (Fisher Chemicals) were used as received. All solutions were prepared using DI 
water (>18 MΩ·cm) obtained from a Milli-Q purification system. 
Apparatus. A coil pipette puller (PN-3, Narishige Scientific Instrument Lab), a 
pressure regulator (PV830, World Precision Instruments, Inc.) and a vacuum pump 
(2522B-01, Rietschle Thomas) were used for the fabrication of ultramicroelectrodes. A 
direct-write nanofabrication system based on the meniscus-confined electrodeposition 
was employed for both nanowire fabrication and electrochemical measurements. Optical 
images were obtained with an Olympus BX51WI optical microscope. A dual-beam 
electron/ion beam microscope (Dual-Beam DB-235, FEI, Inc.) was used for acquiring the 
images and performing focused ion beam (FIB)-based micromachining operations. 
4.2.2 Fabrication Procedure 
The fabrication procedure of a Pt nanoprobe is schematically illustrated in Figure 
4.1 (a)-(h). To make this needle electrode, an ultramicroelectrode was first made 
according to a general fabrication procedure [85, 87][17, 18]. A 25 µm-diameter Au wire 
was inserted into a borosilicate glass capillary with a 0.58 mm inner diameter and a 1.0 
mm outer diameter (Figure 4.1a). The capillary was evacuated with a vacuum pump 
while its center region was heated until the softened glass made a tight and bubble-free 
sealing around the Au wire inside (Figure 4.1b). The capillary was then completely 
pulled apart with a pipette puller to produce two separate ultramicroelectrodes (Figure 
4.1c). To complete the assembly, a Cu wire was bonded with the backend of the Au 
microwire and glued onto the unprocessed capillary end to serve as an external electrical 
connecter (Figure 4.1d). The diameter-reduced end of the ultramicroelectrode was cut to 
a desired diameter with a FIB-based cutting (Figure 4.1e). 
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Figure 4.1 Fabrication procedure for a Pt nanoprobe. 
A Pt nanowire was then directly grown on the exposed Au electrode at the 
diameter-reduced end of the ultramicroelectrode (Figure 4.1f). The experimental setup 
related to the meniscus-confined electrodeposition of nanowires has been described 
before. Briefly, a glass micropipette having an aperture of 100 nm – 500 nm in diameter 
and containing the required electrolyte (a 5 mM chloroplatinic acid solution) for the 
electrodeposition of Pt was used to engage onto the exposed Au electrode (~ 1 μm in 
diameter) of the ultramicroelectrode and perform the deposition. The electrodeposition 
was first initiated within the small meniscus formed between the micropipette aperture 
and the Au electrode surface. To produce a freestanding Pt wire, during the deposition, 
the micropipette was slowly pulled away from the Au electrode at a speed synchronized 
with the deposition rate of Pt to keep stable the small meniscus now maintained between 
the micropipette and the growth front of the Pt deposit [32-33]. 
The passivation of the deposited Pt nanowire was performed through the 
electropolymerization deposition of polyphenol (Figure 4.2a) according to established 
procedures [74, 88-89] (Figure 4.1g). The thin (~10 nm) insulating polyphenol film was 
formed over the conductive surface of the fabricated Pt needle electrode by sweeping the 
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potential between 0 V to 0.6 V at a scan rate of 5 mV/s with respect to a platinum 
reference electrode in a highly acidic phenol solution (50 mM phenol in 0.5 M H2SO4) 
for about 30 minutes. A typical series of voltammograms acquired during the 
electropolymerization of phenol is shown in Figure 4.2b. The current rose rapidly 
followed by an equally rapid drop as the electrode became passivated. By the second 
cycle the electrode was passivated and only a small residual current flowed. Finally, the 
active electrode at the very end of the passivated Pt needle was exposed by the FIB-based 
cutting (Figure 4.1h). 
             
Figure 4.2 (a) Electropolymerization for polyphenol coating. (b) First 5 cycles of voltammograms acquired 
during the electropolymerization of phenol. 
4.3 Characterization of Nanoprobes 
4.3.1 Characterization of Cylindrical Pt Nanoprobes 
The Pt needle electrodes were first examined by optical microscopy and scanning 
electron microscopy (SEM). Figures 4.3a and b show a 130 nm-radius Pt needle electrode 
before the polyphenol passivation. In general, the deposited Pt needle has a smooth 
(a) (b) 
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surface due to the nanocrystalline nature of the deposited Pt and a uniform diameter 
through the whole length. 
 
Figure 4.3 Optical (a) and SEM (b) images of a 130 nm-radius Pt needle electrode before passivation. The 
insert is the high-magnification image of the nanowire. 
We treated this unpassivated Pt needle as a perfect cylindrical electrode. To 
characterize its electrode performance for electrochemical analysis, a linear sweep 
voltammetry (LSV) was performed in a 2 mM Ru(NH3)63+ solution containing 20 mM 
KCl as the supporting electrolyte with the Pt needle electrode immersed at different 
lengths. Figure 4.4a shows the acquired LSVs. A gradual transition from a sigmoidal-
shaped voltammogram to a peak-shaped one was seen as the immersion length of the Pt 
needle electrode increased, manifesting the transition from a spherical radial diffusion to 
a cylindrical radial diffusion governed electrode performance. The transition happened at 
(a) (b) 
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an immersion length of ~13 μm. A similar transition has been observed in multiwall 
carbon nanotube nanoprobes by Crooks and his co-workers [88]. 
 
Figure 4.4 (a) Linear sweep voltammograms for the Pt needle electrode shown in Figure 4.3 at different 
immersion lengths. Immersion lengths L0 to L4 were 0µm, 6µm, 9µm, 13µm and 16µm, respectively. The 
scan rate was 50mV/s. (b) Diffusion limited current as a function of the immersion lengths in the pull-out 
experiment. The grey line is the linear fitting of the curve which has a slope of 232 pA/µm. 
Next, we analyze the diffusion limited current for such a cylindrical needle 
electrode. For cylindrical electrodes, the diffusion limited current decays rather slowly 
with time, and the so called quasi-steady state current can be determined by [36, 90] 
(a) 
(b) 
 60
0
2
0
4
ln(4 / )
qss
c
nFDC Li
Dt r
π=          (4-1) 
where n is the stoichiometric number of involved electron transfer, F is the Faraday 
constant, D is the diffusion coefficient and C0 is the bulk concentration of the 
electroactive species, L is the length and r0 is the radius of the cylindrical electrode, and t 
is the time. t is determined by RT/Fυ [36], where R, T and υ are the gas constant, the 
absolute temperature and the scan rate, respectively. For Ru(NH3)63+, D is 8.94×10-6 
cm2/s [74, 91]; L and r0 are determined from the SEM images of the Pt needle, and t is 
0.5 s according to the scan rate of 50 mV/s. 
The diffusion limited current related to the Pt needle was measured continuously 
by slowly pulling out the Pt needle immersed in a 2 mM Ru(NH3)63+/20 mM KCl 
solution contained in a 30-μm aperture pipette. The applied potential was kept constant at 
– 450 mV (vs. Ag/AgCl wire). The pullout speed was maintained at 333 nm/s provided 
by a piezoelectric actuator. The acquired current showed a linear dependence on the 
immersed length (Figure 4.4b), validating equation (4-1). The slope of the linear fitting 
provided 232 pA/µm, which was somewhat higher than the predicted value, 187 pA/µm, 
calculated according to equation (4-1). This deviation was found to be the result of the 
slightly increased concentration of the solution near the end opening of the 30-μm 
aperture micropipette due to evaporation. 
4.3.2 Characterization of Disk Pt Nanoprobes 
We passivated a 256 nm-radius Pt needle electrode following the procedure 
described previously and exposed the active electrode at the very end of the Pt needle by 
the FIB-based cutting. The sidewall passivated Pt needle electrode is shown in Figure 
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4.5a. After the FIB cutting, the exposed end appeared bright in contrast as seen in the 
insert. To evaluate the sidewall passivation and the active electrode at the end of the Pt 
needle, the Pt needle was inserted into and then pulled out from a Ru(NH3)63+/KCl 
solution while in the meantime the ionic current was recorded under an applied potential 
of – 400 mV (vs. Ag/AgCl wire). Figure 4.5b shows the acquired current profile, which 
shows a sudden jump in current as the active electrode at the end of the Pt needle made 
contact with solution and a relatively stable current afterwards as the needle was 
immersed more into the solution. The slight increase in current in further advancing the 
Pt needle into the solution is probably due to the increasing capacitance at the electrode / 
polyphenol / solution interface [84], or the existence of a small number of pin holes in the  
 
Figure 4.5 (a) Titled SEM views of a 256 nm-radius passivated Pt needle electrode before focused ion 
beam-based cutting and after the cutting (insert). (b) The current profile for the disk Pt needle electrode 
shown left as the electrode was moved in and out of the Ru(NH3)63+/KCl solution. The moving speed of the 
Pt needle electrode was 333nm/s. 
passivation layer unintentionally created by the high energetic ions during the FIB-based 
cutting process. As the Pt needle was gradually pulled out, the current trace overlapped 
(a) (b) 
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the approaching curve until the end of the Pt needle nearly exited the solution surface. In 
this exiting process, a meniscus was formed between the needle end and the liquid, and 
was stretched when the needle was further retracted. At the instant the meniscus broke, 
the current dropped to zero. 
We fabricated several passivated Pt needle electrodes with various radii from 100 
nm to 390 nm, and characterized their performance as disk nanoprobes with the cyclic 
voltammetry (CV). Figure 4.6a shows the sigmoidal-shaped voltammograms acquired at 
a scan rate of 50 mV/s from those electrodes dipped in a Ru(NH3)63+/KCl solution. We 
then compared the diffusion limited current acquired from the measurements with those 
estimated according to the standard models typically used for disk electrodes. 
Three models are evaluated. The first one deals with a disk electrode within an 
infinite plane insulator, for which an analytical solution for the diffusion limited current 
is given as [36] 
004 rnFDCi
ss
d =          (4-2) 
where r0 is the radius of the disk nanoprobe. The second one considers a hemispherical 
electrode on an infinite plane insulator, which has often been suggested to approximate a 
disk electrode insulated with a layer of finite thickness [73], for which the diffusion 
limited current is expressed as [36] 
002 rnFDCi
ss
d π=          (4-3) 
where r0 is the radius of the equivalent disk nanoprobe. The third one is a most recent 
model proposed by Zoski and Mirkin [92], which takes into account the dependence of 
the diffusion limited current on the thickness of the insulation layer [92-95]. According to 
their simulation data, the diffusion limited current is approximately fitted by 
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where ρ = b/r0 (b–r0 is the thickness of the insulation layer, r0 is the radius of the 
electrode), A = 0.1380, B = 0.6723, E = – 0.8686. 
 
Figure 4.6 Characterization of disk Pt needle electrodes. (a) Cyclic voltammograms for the disk Pt needle 
electrodes with different radii. The scan rate was 50mV/s. (b) Diffusion limited current as a function of the 
radii of the Pt needle electrodes. ▼ are experimental data and line 1, 2, 3 are the calculated results from 
equation (4-2), (4-3) and (4-4), respectively. 
We plot the results calculated from the three models with the acquired data for the 
passivated Pt needles with different radii in Figure 4.6b. The first model underestimated 
the current, as it totally ignored the ionic diffusion from the half space behind our thinly-
(b) 
(a) 
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insulated disk electrodes. The second model overestimated the current, as while taking 
into consideration the diffusion from the back half space, it overestimated the total active 
electrode area. The third model provided the best fit to our measurements, as it was 
derived from the simulation of electrodes having the configuration exactly like ours and 
considered the diffusion from the full space. In applying the third model, the thickness of 
the polyphenol film on the Pt needle is defined to be 10 nm, a thickness typically realized 
with the electrochemical deposition of polyphenol [88]. 
4.4 Conclusions 
In this chapter, high aspect-ratio and uniform diameter Pt nanoprobes were 
fabricated and characterized. Linear and cyclic voltammetry studies showed that both the 
cylindrical Pt nanoprobes and the disk Pt nanoprobes passivated with thinly-insulated 
layers provided excellent electrode performance for electrochemical analyses. The 
fabricated Pt nanoprobes were also used to evaluate the standard electrode models 
concerning an insulated disk electrode. Our measurement was best fitted with a recent 
electrode model provided by Zoski and Mirkin that took into account the dependence of 
the diffusion limited current on the thickness of the insulation layer around a disk 
electrode in their simulation. 
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Chapter  5 Sub-Micron Scale Wire Bonding 
5.1 Introduction 
With the ever-increasing device density in electronic chips, the density of 
interconnects and the complexity involved in the design of interconnects grow 
exponentially. Moreover, with the introduction of the 3-D chip, while the inter-chip vias 
technology [96] offers a viable solution to integrate devices in 3-D stacks, alternative 
interconnect technologies that can provide flexible means to electrically wire microscale 
device components in 3-D are still called for. As a traditional technology, the wire 
bonding technology has served the electronics industry for many decades, satisfying the 
interconnection needs for device packaging [97]. Recently, to increase the interconnect 
density and improve device performance for high frequency operation, the flip-chip 
interconnect technology has been introduced [98]. However, such practiced packaging 
technologies have difficulties in downscaling to very fine interconnect pad pitches (need 
to be 1-5 μm in the near future). For instance, the thermo-sonic gold wire bonding has a 
limiting pitch of ~ 40 μm, and the flip-chip technology ~ 100 μm. This increases the on-
chip space needed for the interconnect pads, reduces the number of chips that can be 
produced per wafer and consequently increases the cost per chip. Furthermore, it is 
expected that downscaling the traditional solder-based interconnect cannot meet the 
thermo-mechanical reliability requirement as well as the current density requirement at 
very fine pitches [99]. These demand new wire bonding strategies and new interconnect 
materials. 
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Alternatively, among the 3-D microfabrication technologies that are compatible 
with electronic devices, e-beam or focused ion beam-based deposition [13] and direct-
writing with metal colloidal ink [25] have been explored to fabricate 3-D interconnects 
with nanoscale or microscale dimensions. The e-beam or focused ion beam-based 
deposition is capable of fabricating 3-D structures having feature sizes down to ~ 10 nm. 
However, the process must be performed in a high vacuum environment and the 
throughput is low. The choice of materials that can be deposited is limited by the limited 
availability of the special chemical compounds for this intended purpose and the 
deposited metals tend to have low electrical quality [13]. Most recently, the direct-writing 
with metal colloidal ink has demonstrated the fabrication of ~ 10 μm diameter 
interconnect bridges made of Ag with the use of an Ag colloidal dispersion and shown 
the promise of its potential application in electronic industry [25]. The limitation, 
however, lies in the further downsizing of the fabricated wires: the fluidics involved with 
a colloidal dispersion ultimately limits the minimum nozzle size that can be used to 
disperse the colloidal dispersion due to the finite size of the colloidal particles in the 
dispersion. Further, a specific metallic colloidal material system has to be developed in 
order to fabricate a specific type of metallic wire while taking into consideration of how 
to eventually convert a colloidal wire fabricated from this process into a high quality 
metallic wire, for instance, through thermal annealing [25]. 
In this chapter, we demonstrate an automatic direct-writing wire bonding 
technology that exploits the meniscus-confined 3-D electrodeposition which operates in 
an ambient air environment (thus avoids subjecting the device to an electrolyte solution). 
We show the direct-writing fabrication of conductive interconnect bridges that are sub-
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micron in diameters (an order of magnitude smaller than that in the current practice) and 
have bond sizes of less than 10 μm2 (two orders of magnitude smaller). Moreover, the 
interconnects are made of pure Cu or even noble metals such as Pt and can be potentially 
of many other metals that can be electrochemically deposited with the use of readily-
available electrolyte solutions, and can thus achieve a breakdown current density over 
1011 A/m2, six order of magnitude higher than that for the solder-based interconnect. 
5.2 Experimental Process 
5.2.1 Fabrication Procedure 
As described before, the meniscus-confined 3-D electrodeposition utilizes an 
electrolyte-containing micropipette with a microscopic dispensing nozzle as the working 
toolbit. As the micropipette approaches a conductive substrate surface to a close 
proximity, a meniscus is established between the dispensing nozzle and the substrate 
surface. With an appropriate electrical potential applied between the electrolyte contained 
in the micropipette and the substrate surface, electrodeposition is initiated within the 
substrate surface confined by the meniscus. The key for fabricating the interconnect is 
then to synchronize the withdrawal speed of the micropipette away from the substrate 
surface with the growth rate of the local deposit, which maintains the stable formation of 
the meniscus now established between the nozzle and the growth front of the deposited 
wire and thus sustains the continuous growth of the off-surface micro-wires. 
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Figure 5.1 Schematic showing the steps involved in the wire bonding process by the meniscus-confined 
electrodeposition. (a) Vertical wire growth; (b) Transitional and lateral wire growth; (c) Pushing the wire 
end down to form a merged meniscus between the wire end and the surface; (d) Second bond finished. The 
arrows show the movement direction of the micropipette in each step. 
The fabrication procedure for a sub-micron wire bonding is schematically 
illustrated in Figure 5.1. In this method, FIB shaped, side-way cut micropipettes are used 
as working tools. After a short segment of vertical growth (Figure 5.1a), the micropipette 
is moved along a 1/4-circle path to form a smooth transitional growth region, until a 
stable meniscus is maintained between the sideway opening of the micropipette and the 
deposited wire front, resulting in a uniform lateral wire growth with desired length 
(Figure 5.1b). Then, we formed the second bond by mechanically pushing the suspended 
end of the laterally-grown metal wire down to the substrate with the nozzle end to a close 
proximity so that the electrolyte meniscus under the nozzle extended to immerse both the 
wire end and the region of contact on the substrate surface (Figure 5.1c). Several voltage 
pulses having amplitude set above the electrodeposition potential were then applied to 
initiate the electrodeposition within this extended meniscus to join the wire end and the 
substrate (Figure 5.1d). The distance needed to push the wire end towards the surface was 
(b) 
(a) (c) 
(d) 
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determined by an automatic sensing procedure in which the micropipette was slightly 
shifted sideway to detach from the wire end and driven with the piezoelectric stage to 
approach the substrate surface with the electrolyte biased at a deposition potential. At the 
moment of the meniscus formation between the nozzle and the substrate surface, an 
instant ionic current could be detected and the distance between the wire end and the 
underlying substrate surface was thus exactly determined. The micropipette was then 
withdrawn back to re-engage with the wire end to perform the second bond as described. 
5.2.2 Micropipette Shape Design 
In order to realize the whole procedure automatically, a unique type of 
micropipettes has been fabricated by a coil pipette puller (PN-3, Narishige Scientific 
Instrument Lab). In contrast to typical micropipettes which have a tapered shape 
throughout the whole length, the micropipette we used has a straight segment near the 
nozzle of the micropipette as shown in Figure 5.2a. This feature reduces the lateral shift 
distance needed in the automatic sensing process before the wire end is pushed down. 
More important, it makes possible realizing both the growth and the bonding processes 
with one single micropipette by allowing the release of the micropipette from the second 
bond. 
To facilitate the interconnect bridge fabrication with this method that involves the 
lateral growth of a metallic wire over a sufficient span, the micropipette nozzle is further 
shaped to allow additionally the stable meniscus formation sideway to the nozzle during 
the lateral growth of metallic wire. Figure 5.2b shows a shaped micropipette nozzle 
having an aperture diameter of ～3 µm. The nozzle end and the side opening allow the 
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formation of a stable meniscus with the wire oriented along any direction between 0° 
(parallel to substrate surface) and 90° (normal to substrate surface). The shaping of the 
nozzle is done with the focused ion beam based machining that provides the precision 
needed to cut out such a micro-sized glass structure. The two critical design parameters in 
this micropipette shaping technique are the width and the length of the side cut. The 
width of the side cut is controlled at ~ 1 µm, which forms enough opening for both a 
controllable lateral wire growth and a sturdy vertical wire growth. The optimal value for 
the length of the side cut is ~ 1.8 µm which is long enough to form an extended meniscus 
between the wire end and the substrate surface without leaving too wide gap in between. 
 
Figure 5.2 (a) Optical microscope image for the micropipette used in this method. (b) SEM image showing 
the nozzle at the end of a glass micropipette with a side cut made with the focused ion beam based 
machining. (c) Electrodeposited Cu wires with different inclination angles fabricated with the use of a side-
cut micropipette. 
Figure 5.2c shows a serial of angled Cu wires grown with such a side-cut nozzle. 
The vertical and lateral lengths as well as the orientation of the Cu wires were simply 
controlled by the travel path of the micropipette, and the diameter determined by the 
(c) (b) (a) 
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nozzle size and the size of the side opening on the nozzle. Specifically, a micropipette 
filled with a 0.05 M CuSO4 aqueous solution was used and biased at 0.2 V with respect to 
the Au-coated sample surface. The growth rate for the Cu wire at those conditions was ~ 
0.25µm/s, and the corresponding ionic current was maintained at ~ 3.5nA. The deposition 
was carried out with the substrate exposed to a humidity controlled ambient air 
environment at room temperature. 
5.3 Results 
Figure 5.3 (a)-(f) show the result of this electrodeposition-based wire bonding of 
sub-micron Cu wires. Figure 5.3a shows a row of high density and high quality Cu wire 
bonding crossing a 10 µm gap. A row of wire bonding over a 10 µm-high step was 
demonstrated in Figure 5.3b. The wire bonding process was also performed to form 
interconnects fanning out from a central 50 μm×50 μm bonding pad, resembling the 
typical device layout in device packaging (Figure 5.3c). Multilayered interconnection 
with (Figure 5.3d) or without (Figure 5.3e) overlap wiring was also realized. Finally, 
symbolic letters “UIUC” were written, as shown in Figure 5.3f, by manipulating an array 
of bonded wires. The diameter of the Cu wires is ~ 800 nm, and the footprint size of the 
formed bonds is ~3 µm which is an order of magnitude smaller than the size of 
conventional wire bonding. 
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Figure 5.3 SEM images of structures composed of sub-micron Cu bonded wires made by meniscus-
confined electrodeposition. (a) A row of high density and high quality Cu bonded wires crossing a 10 µm 
gap. (b) A row of wire bonding over a 10 µm-high step. (c) Interconnects fanning out from a central 50 µm 
×50µm bonding pad. (d) Multilayered interconnection with overlap wiring. (e) Multilayered 
interconnection without overlap wiring. (f) Symbolic letters “UIUC” by manipulating an array of bonded 
wires. 
(d) 
(e) 
(f) 
(a) 
(b) 
(c) 
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5.4 Properties of Bonded Wires 
5.4.1 Electrical Properties 
The bonded wires were found to be of high electrical quality. Figure 5.4 shows 
the acquired I-V curve from a bonded Cu wire having a diameter of ~ 740 nm and a 
length of ~ 40 µm and tested in an ambient air environment. The linear behavior in the 
broad current range reflected the ohmic contact property of the bonds. The nonlinear 
behavior at high current implied the potential effect of heating (thus oxidation of the Cu 
wire) [100]. The overall resistance of the bonds and the wire was ~ 2.9 Ω when deducting 
the resistance contributed from the peripheral connections in the measurement, very close 
 
Figure 5.4 I-V curve for a Cu bonded wire. The insert is the SEM image of the bonded wire after burn-out. 
to the expected value for a Cu wire of this size (~ 1.6 Ω assuming an electrical resistivity 
of 1.68×10-8 Ω·m of bulk Cu) with the bonds contributing a small contact resistance. At 
high current, the bonded Cu wire failed in the middle of the bridge and not at the bonds. 
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The breakdown current density determined from the breakdown current is ~ 1.25×1011 
A/m2, agreeing with the reported values for similar size Cu wires [101-103]. 
 
Figure 5.5 Fabrication and characterization of a Pt interconnect. (a) SEM image showing a Pt interconnect 
fabricated with the meniscus-confined wire bonding process. The Pt wire has a diameter of ~ 900 nm and a 
length of ~ 30 µm. (b) SEM image showing the wire after the burn down at high current. (c) The acquired 
I-V characteristics from the bonded Pt wire showing the linear ohmic behavior at low current and the 
nonlinear behavior at high current due to potentially heating. 
(c) 
(b) 
(a) 
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Such fabrication and characterization have also been carried out for Pt 
interconnects deposited with the use of an aqueous solution of chloroplatinic acid 
(H2PtCl6) as the electrolyte. Similar results were obtained as shown in Figure 5.5. 
Table 5.1 Electrical measurements for both Cu bonded wires and Pt bonded wires. 
 Pt nanowire 1 Pt nanowire 2 Cu nanowire 1 Cu nanowire 2 
Resistivity of 
metal (Ω·m) 1.06×10
−7 1.06×10−7 1.72×10−8 1.72×10−8 
Diameter of 
nanowire (nm) 742 816 743 854 
Length of 
nanowire (µm) 40 40 40 40 
Theoretical value 
of resistance (Ω) 9.8 8.1 1.6 1.2 
Resistance before 
electrode cutting 
(Ω) 
2.3 2.5 2.3 2.5 
Overall resistance 
for nanowire 
system (Ω) 
39.3 28.2 5.2 5.4 
Net resistance for 
nanowire (Ω) 37 25.7 2.9 2.9 
∆ between 
theoretical and 
experimental 
resistances (Ω) 
27.2 17.6 1.3 1.7 
Maximum current 
passed (mA) 10.5 10.5 54 59.5 
Maximum current 
density (A/m2) 2.43×10
10 2.01×1010 1.25×1011 1.04×1011 
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Table 5.1 lists all the electrical measurement results for both Cu bonded wires and 
Pt bonded wires. All of these data show that the bonded wires are of high electrical 
qualities. 
5.4.2 Mechanical Properties 
Mechanically, we measured the bonding strength of the bonds formed by the 
meniscus-confined electrodeposition with an AFM cantilever-based pullout test as shown 
in Figure 5.6. 
 
Figure 5.6 AFM cantilever-based pullout test for a Cu bonded wire. 
By monitoring the deflection of the AFM cantilever while pulling a Cu wire 
vertically grown on an Au-coated substrate through the free end glued onto the AFM tip 
with epoxy, we calculated the bonding strength (σ) according to [104] 
3
2 34
b
B
E wtF
A r l
δσ π= =          (5-1) 
where F is the force exerted on the bond, A is the area and rB is the radius of the bond. Eb 
is the Young’s modulus of the cantilever beam, δ is the deflection of the cantilever, l, w 
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and t are the length, width and thickness of the AFM cantilever, respectively. The pullout 
experimental results for both a Cu wire and a Pt wire are listed in Table 5.2. 
Table 5.2 Pullout tests for both Cu bonded wires and Pt bonded wires. 
 Pt Wire Cu Wire 
Diameter of wire (µm) 1.10 1.08 
Diameter of bond (µm) 2.10 1.72 
Thickness of cantilever (µm) 2.70 3.08 
Width of cantilever (µm) 40 40 
Length of cantilever (µm) 230 230 
Young’s modulus of Silicon 
(GPa) 150 150 
Force constant of cantilever 
(N/m) 2.4 3.6 
Maximum deflection (µm) 45.46 25.26 
Maximum force (µN) 109.10 90.94 
Bonding strength (MPa) Over 31.53 Over 39.2 
 
In the pullout tests, the failure happened at the joint points glued by the epoxy, 
instead of the electrodeposited bonds. Therefore, the bonding strength calculated from the 
maximum deflection of the AFM cantilever actually was the strength of the epoxy–wire 
joints. Although the exact strength of the bonds cannot be measured directly, it is safe to 
claim that the strength of the bonds were higher than those of the epoxy–wire joints. 
From Table 5.2, we can clearly see that both of the bonding strength for these 
electrodeposition-formed bonds were over 30 MPa, well above the nominal bonding 
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strength required in a traditional wire bonding (8.5 MPa according to the MIL-STD-883G 
test standard). 
As in a regular wire bonding process, certain mechanical analyses are to be 
considered in order to design such small interconnect bridges. One is the stress sustained 
by the wire in this particular fabrication process, which should ideally be below the stress 
that can mechanically fail the metal wire; and the other is the spring force sustained by 
the second bond, which should be lower than the bonding force. Consider a simple 
geometry of the interconnect bridge as shown in Figure 5.7, the maximum stress occurs at 
the right edge of the lateral wire (point C in Figure 5.7) and can be estimated according to 
 
Figure 5.7 Mechanical model for a Cu interconnect bridge. 
23 /c EHr Lσ = , and the spring force sustained by the second bond according to 
4 33 / 4sF EHr Lπ= , where E is the Young’s modulus of the metal wire, H is the standoff 
height, L and r are the length and radius of the lateral segment of the wire, respectively. 
For a typical Cu interconnect bridge of 1 μm in wire diameter, 5 μm in standoff height 
and 30 μm in span, the maximum stress is calculated to be ~ 1 GPa, which is beyond the 
yield strength of Cu, meaning that the Cu wire at the bend will experience a plastic 
deformation in the bonding process. The problem can be readily solved (if needed) by 
growing transitional region from the first bond (region BC in Figure 5.7) instead of a 
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vertical one to allow the formation of a smooth bend instead of a 90° bend. The spring 
force on the second bond is ~ 3 μN, and when taking 10 μm2 as the size of the second 
bond, the loading stress is around 0.3 MPa, much lower than the debonding strength we 
measured for such electrodeposited bond. Overall, reducing the wire diameter and 
increasing the lateral length of the wire can also effectively benefit the lowering of such 
stresses. 
5.5 Conclusions 
In this chapter, electrodeposition confined within a micro-scale meniscus was 
applied to fabricate 3-D suspended sub-micron sized interconnect bridges in an ambient 
air environment. The dynamic stability of the meniscus maintained between an 
electrolyte-containing micropipette and the growing front of the deposited metal wire 
allowed the direct-writing style fabrication of pure Cu and Pt solid 3-D structures of 
designed shapes and sizes at the micro and nanoscale. We demonstrated an automatic 
wire bonding process that downsized the interconnect wire diameter to less than 1 μm 
and the bond size to below 3 μm, both an order of magnitude smaller than those in the 
current practice, and realized a breakdown current density of over 1011 A/m2 for the 
interconnects. 
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Chapter  6  Fabrications of Complex 3-D 
Structures 
6.1 Introduction 
The advance of semiconductor, telecommunication and biotech industries in 
recent years has called for the fabrication of miniature products (micro-parts) with new 
and improved functions. Such micro-parts demand high aspect-ratio, complex 3-D shape, 
specific electrical and mechanical quality, and microscale/nanoscale dimensions.  It is 
very challenging to use the traditional fabrication methods and tools to make such micro-
parts, especially when such micro-parts need to be integrated onto existing 
microstructures. 
In this chapter, the meniscus-confined electrodeposition was used to fabricate 3-D 
micro-/nano-structures in a direct-writing style. Among the 3-D direct-writing fabrication 
technologies that are compatible with electronic devices, e-beam (EB-) or focused ion 
beam chemical vapor deposition (FIB-CVD) is well-developed for years [2]. These 
beam-induced deposition technologies are capable of fabricating 3-D structures having 
feature sizes down to ~ 10 nm at any desired position. However, the process must be 
performed in a high vacuum environment, leading to extremely complicated and 
expensive instrumentation for both the vacuum and the e-beam or ion beam generation. 
The choice of materials that can be deposited is still very limited and the deposited metals 
tend to have low electrical quality. Another direct-writing technique is the electric-field 
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enhanced electrodeposition [14]. However, the localized electrodeposition is realized 
through the confinement of the electric field near the end of the tip. Only structures 
whose diameter is larger than 10 µm can be deposited because of the distribution of the 
electric field. 
Compared with the above methods, the proposed meniscus-confined 
electrodeposition is very simple and cost-effective to implement and can be applied to 
“write” a wide variety of conductive materials. Micro-/nano-structures fabricated by this 
technique can be used in a multitude of device applications, such as diameter modulated 
structures, zigzag, sinusoidal, micro-coil structures and so on. 
6.2 Diameter Modulated Structures 
Based on equation (3-11), when the micropipette withdrawal speed increases, the 
height of the meniscus between the micropipette and the wire growth front increases, and 
the deposited wire radius decreases. According to equation (3-13), when the growth 
current is constant, the axial growth rate of the wire increases in the case of wire radius 
reduction. The meniscus-confined electrodeposition process is therefore a self-regulated 
process as long as the micropipette withdrawal speed is within the stable region. As 
discussed in the chapter 3, the electrodeposition process becomes unstable when the wire 
radius is below the minimum radius Rmin. Figure 6.1 shows a group of Cu wires grown at 
different micropipette withdrawal speeds ranging from 0.18 µm/s to 0.13 µm/s. At higher 
speed, because of the self-regulated nature of this process, the diameter of the wire 
changed periodically and formed a beaded wire. As the withdrawal speed decreased, the 
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size variations smoothed out and eventually, a wire with uniform diameter can be 
deposited. 
   
   
Figure 6.1 A group of Cu wires grown at different micropipette withdrawal speeds: (a) 0.18 µm/s; (b) 0.17 
µm/s; (c) 0.16 µm/s; (d) 0.15 µm/s; (e) 0.14 µm/s; (f) 0.13 µm/s. Each bar represents 10 µm. 
Another typical diameter adjusted structure is the conical-shape structure. In order 
to produce such kind of structures, the micropipette withdrawal speed needed to be 
gradually swept from 0.12 µm/s to 0.22 µm/s during the growth of the wire as shown in 
(a) (b) (c) 
(d) (e) (f) 
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Figure 6.2. The diameter ratio at the wire base and the wire top can be as high as 7:1 
(Figure 6.2a). 
  
Figure 6.2 Two deposited conical structures. Each bar represents 10 µm. 
6.3 Curved Structures 
Traditionally, radio systems are implemented on the broad level using a large 
number of discrete components. Silicon integrated circuit (IC) technology has progressed 
to offer device performance suitable for analog operations up to several giga-hertz and 
thus presents the potential for integrating radios on a chip [105-109]. As chip increases in 
size and complexity, transmitting information data to all parts of the chip simultaneously 
through the many tiny wires embedded in the silicon platform becomes more difficult. 
Chip-based wireless radios could bypass the need of these wires, eliminate bus line delay, 
increase communication speed and improve synchronization among many multifunction 
modules in chip. The tiny radios-on-a-chip also could make possible tiny, inexpensive 
microphones, motion detectors and other devices. 
(a) (b) 
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At the same time, a great deal of efforts has been devoted to fabricating on-chip 
inductors [110-111]. They are used extensively in high performance radio frequency (RF) 
and microwave front-end integrated circuits such as voltage controlled oscillators (VCO), 
low noise amplifiers (LNA) and other tuned circuits for frequency tuning and impedance 
transformation. Although on-chip spiral inductors are now widely used in industries, 
especially when a relatively small inductance (several nH) is needed, they usually occupy 
a large percentage of the chip area and are often the performance and cost limiting 
elements in RF IC’s. Among all the reasons, the substrate loss is an important cause for 
the energy dissipation for on-chip inductors. Therefore, off-surface 3-D structures, 
especially, micro-coil structures are needed to improve the performances of the on-chip 
inductors. 
   
Figure 6.3 Micropipette shape design and fabricated structures. (a) Designed micropipette shape for zigzag 
and sinusoidal structure growth. (b) Fabricated zigzag structure. (c) Fabricated sinusoidal structure. Each 
bar represents 5 µm. 
In order to achieve three-dimensional growth, the formation of a stable meniscus 
has to be allowed at any direction between 0° (parallel to the substrate surface) and 90° 
(a) (b) (c) 
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(normal to the substrate surface). When a flat end micropipette is used, the meniscus 
moves towards the edge of the micropipette opening during the micropipette motion 
parallel to the substrate surface and cannot sustain when the shear angle is larger than 
~15°. Therefore, micropipettes have to be modified accordingly. As for the zigzag and 
sinusoidal structures, the micropipette nozzle is shaped as shown in Figure 6.3a. The 
shaped micropipette has ～an aperture diameter of  2.5 µm and two symmetrical side cuts 
to allow the stable meniscus formation on the both sides to the micropipette nozzle during 
the lateral growth of metallic wires. The shaping of the nozzle is done with the focused 
ion-beam (FIB) based machining which provides the precision needed to cut out such a 
micro-sized glass structure. The zigzag and sinusoidal structures fabricated by the shaped 
micropipette in Figure 6.3a are demonstrated in Figures 6.3b and 6.3c. 
   
Figure 6.4 Fabricated micro-coil structure when a flat end micropipette is used. (a) Top view. (b) Tilted 
view. (c) Side view. Each bar represents 3 µm. 
When a flat end micropipette is used, the fabricated micro-coil structure is shown 
in Figure 6.4. Because of the limiting shear angle for the meniscus mentioned above, the 
fabricated micro-coil structure with the use of a flat end micropipette has a very shallow 
(a) (b) (c) 
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helix angle. The similar experimental results were also obtained for the nano-coil growth 
with a flat end nanopipette as demonstrated in Figure 6.5. 
   
Figure 6.5 Fabricated nano-coil structure when a flat end nanopipette is used. (a) Top view. (b) Tilted 
view. (c) Side view. Each bar represents 500 nm. 
In order to increase the helix angle of the micro-coils, a specially designed 
micropipette has been employed. It was made out of a two barrels θ glass micropipette 
and cut out by FIB as shown in Figure 6.6a and 6.6b. During deposition, the electrolyte 
was forced out of the two barrels by pressure, then extended along the thin central glass 
sheet, and finally merged to form an exposed meniscus which can deposit metallic 
structures in different directions surrounding the central glass sheet. By using this 
specially designed micropipette, high quality micro-coil structures and micro-coil arrays 
have been successfully produced as shown in Figures 6.6c and 6.6d, respectively. 
(a) (b) (c) 
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Figure 6.6 Fabricated micro-coil structures when a specially shaped micropipette is used. (a) Side view and 
(b) tilted view of specially shaped micropipette. (c) Fabricated micro-coil structure. (d) Fabricated micro-
coil array. Each bar represents 3 µm. 
6.4 Composite Structures 
Not only individual micro-/nano-structures but also a variety of composite 
structures can be fabricated by the meniscus-confined electrodeposition. Figure 6.7 shows 
(a) (b) 
(d) 
(c) 
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that Pt micro-/nano-wires were grown on the pre-existing atomic force microscopy 
(AFM) probes. The Pt wire deposited on a tipped AFM probe transformed a regular AFM 
probe into a high aspect-ratio probe (Figure 6.7a). 
  
  
Figure 6.7 Composited structures on AFM probes. (a) High aspect-ratio AFM probe. (b) Pt wire on tipless 
AFM cantilever. (c) Dual electrode tipless AFM cantilever. (d) Double wires grown on the dual electrode 
tipless AFM cantilever. Each bar represents 20 µm in (a)-(c) and 3 µm in (d). 
The Pt wires can also be deposited on tipless AFM cantilevers, such as a dual 
electrode tipless AFM cantilever. The double wires grown on the dual electrode tipless 
(a) (b) 
(c) (d) 
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AFM cantilever can be used to measure localized electrical properties within microscale 
range. Other types of fabricated composite structures are illustrated in Figure 6.8. The 
structure in Figure 6.8b can perform as a micro-thermocouple if the two metallic wires 
are made of different materials. The coil-wire combination (Figure 6.8c) can be used as a 
special RF resonator. 
   
Figure 6.8 Other fabricated composite structures. Each bar represents 2 µm in (a)-(b) and 10 µm in (c). 
6.5 Microscale Tube Structures 
High quality and high aspect ratio microscale tube structures are useful for as 
conduit for mass transport or as socket for making mechanical and electrical connections. 
However, their fabrication is often very limited by the current micro-fabrication 
techniques. In this study, the fabrication of the microscale tube structures was attempted 
with the use of the meniscus-confined electrodeposition technique. Two approaches were 
explored: the template method and scanning nozzle based 3-D electrodepostion method. 
The template method exploited the pre-patterning of a ring electrode with 6µm in 
outer diameter and 1µm in wall thickness (Figure 6.9a) by FIB micromachining. A 
(a) (b) (c) 
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micropipette having a 6µm nozzle diameter was then used for the meniscus confined 
electrodeposition over the ring electrode. After the micropipette was engaged onto the 
electrode, a series of potential pulses were applied to initiate the electrodeposition. 
  
  
  
  
Figure 6.9 Template method for microscale tube growth. (a) Original patterned electrode. The growth 
results after only positive potential pulses were applied: (b) 1 pulse, (c) 2 pulses, and (d) 5 pulses. The 
growth results after combined potential pulses were applied: (e) 3 pulses, (f) 6 pulses, (g) 15 pulses, and (h) 
continuous growth. Each bar represents 2 µm. 
(a) (b) 
(c) (d) 
(e) (f) 
(g) (h) 
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When only positive potential pulses (Figure 6.10a) were applied, the deposited 
metal began to spread towards the center of ring upon applying only 2 pulses with 
duration of 1 s each, as shown in Figure 6.9b-d. Instead of templating a tube growth, the 
ring electrode became a solid electrode. In the subsequent tries, we modified the process 
by applying an electrodeposition potential pulse followed by a short etching cycle, as 
shown in Figure 6.10b. This modification introduced a certain amount of improvement 
and preserved the ring electrode structure at the beginning of the electrodeposition 
(Figure 6.9e-g). However, further electrodeposition resulted again in a solid wire growth 
(Figure 6.9h). More studies are needed to understand the electrodeposition process in 
such a template based method for growing microscale tubes. 
 
Figure 6.10 Potential pulses for microscale tube growth. (a) Only positive potential pulse. (b) Combined 
potential pulse with etching cycle added. 
The scanning nozzle based 3-D electrodeposition method (as shown in Figure 
6.11a) is a new variation of the meniscus confined electrodeposition. In this method, once 
a meniscus is established between the micropipette nozzle and the substrate surface, the 
micropipette is driven to scan along the surface while performing the electrodeposition. 
3-D structures are built by cyclically electrodepositing material over onto the previously 
deposited material and by gradually lifting the micropipette after each electrodeposition 
cycle. 3-D structures with designed shaped can be made with this method, including 
microscale tubes. 
(a) (b) 
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Figure 6.11 (a) Schematic for scanning nozzle based 3-D electrodeposition. (b) Incomplete copper ring 
during fabrication. (c) and (d) microscale tube structures with different diameter to wall thickness ratio. 
Each bar represents 5µm, 10µm and 20µm, respectively. 
Figure 6.11b is an incomplete copper ring fabricated by this method, which 
clearly shows the layer by layer nature of this electrodeposition method controlled by the 
scanning process. The deposition thickness of each layer is determined by the motion 
speed of the micropipette nozzle, which was limited by the dynamic stability of the 
meniscus. To grow a microscale tube, the micropipette nozzle is set to scan around a 
defined circle. After the completion of each circle, the micropipette is lifted up by a 
distance that matches with the deposited layer thickness to maintain a stable meniscus 
formation. The process continues to electrodeposit many layers up to the designated 
height. By applying this method, the microscale tube structures with different diameter to 
wall thickness ratio were successfully fabricated as shown in Figure 6.11c and d. 
(a) (b) 
(c) (d) 
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6.6 Conclusions 
The dynamic stability of the meniscus maintained between an electrolyte-
containing micropipette and the growing front of the deposited metal wire allows the 
direct-writing style fabrication of solid metallic 3-D structures of designed shapes and 
sizes at the micro and nanoscale. In order to overcome the difficulties to form meniscus 
in different directions, a micropipette shaping method was developed based on the FIB 
micro-machining. By applying this micropipette shaping method to the meniscus-
confined electrodeposition, complex 3-D structures including zigzag, sinusoidal shapes, 
micro-/nano-coil structures, as well as some composite structures can be grown. Finally, 
micro-tube structures can be fabricated by the scanning-probe based 3-D 
electrodeposition method. 
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Chapter  7 Summary 
A novel 3-D meniscus-confined electrodeposition method was further developed 
and studied in this dissertation. Overall, the study included: first, developing a theoretical 
modeling that provided a fundamental understanding of the meniscus-confined 
electrodeposition process; second, demonstrating a new nozzle shaping method to enable 
flexible fabrication of 3-D structures; and third, investigating various process parameters 
for fabricating 3-D structures for specific applications. 
In the meniscus-confined electrodeposition, the electrodeposition was locally 
confined within a meniscus formed between an electrolyte-filled micropipette probe and 
a conductive substrate. As the electrodeposition continues, the probe is pulled away from 
the substrate so that a stable meniscus is always maintained between the probe and the 
deposited metal front. The basic hardware setup for the meniscus-confined 
electrodeposition system consists of motion control, current measurement, humidity 
control and pressure control subsystems. The motion control subsystem, which consists 
of three separate stages and one combined stage, was used to generate the relative 
moving path between the micropipette probe and the substrate. The current measurement 
subsystem was used to obtain the deposition current and to provide the constant potential 
or constant current for the electrochemical cell. The addition of external pressure 
subsystem was used to facilitate the formation of the meniscus in different directions, 
which makes 3-D electrodeposition more reliable. Overall, the meniscus-confined 
electrodeposition process can be controlled by adjusting parameters such as deposition 
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potential, electrolyte concentration, withdrawal speed, aperture diameter of the 
micropipette probe and environmental humidity. 
In this study, the quantitative modeling of the meniscus confined 
electrodeposition process included three essential components.  First, the dynamic 
stability of the meniscus was studied to find a stability region within which a continuous 
1-D wire growth can be sustained. The stable wire growth windows in terms of deposited 
wire radius, meniscus height, withdrawal speed and growth current were established.  
The related experimental studies validated this meniscus stability model. Second, a 
recessed microelectrode model was evaluated in considering the ionic flow involved in 
the electrodeposition. The discrepancy between the calculated results from this model and 
the experimental data were discovered. Finally, an evaporation-based model was 
developed to partially explain the discrepancy and the importance of the evaporation 
induced ion transport was revealed. The relationships among the relative humidity, 
environmental temperature, meniscus surface temperature and current induced by 
evaporation were established. 
Several fabrication processes based on the meniscus confined electrodeposition 
was developed and their applications explored. First, high aspect-ratio and uniform 
diameter Pt nanoprobes were fabricated and characterized. The fabrication procedure of 
Pt nanoprobes can be divided into four steps. First, an Au ultramicroelectrode was made 
as the probe base. Second, a Pt nanowire was directly deposited on the Au electrode. 
Then, the passivation of the deposited Pt nanowire was performed through the 
electropolymerization deposition of polyphenol film. At last, the active electrode at the 
very end of the passivated Pt needle was exposed by the FIB-based cutting. The 
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fabricated cylindrical and disk Pt nanoprobes were examined electrochemically by linear 
sweep voltammetry and cyclic voltammetry, respectively. The measurement results for 
the disk Pt nanoprobes were best fitted with a recent electrode model provided by Zoski 
and Mirkin, which took into account the dependence of the diffusion limited current on 
the thickness of the insulation layer around a disk electrode in their simulation. Studies of 
linear sweep and cyclic voltammetry showed that both the cylindrical Pt nanoprobes and 
the disk Pt nanoprobes passivated with thinly-insulated layers provided excellent 
electrode performance for electrochemical analyses. 
Second, based on the meniscus-confined electrodeposition technique, an 
automatic wire bonding process was demonstrated, which downsized the interconnect 
wire diameter to less than 1 µm and the bond size to below 3µm, both an order of 
magnitude smaller than those in the current practices, and realized a breakdown current 
density of over 1011 A/m2 for the interconnects. The strength of the bonds was also tested 
by using an AFM cantilever, which served as a force sensor, to pull the wires off the 
substrate on which they were deposited. The measured bond strength was found to be 
better than the recommended values for bond strength of wire bonds in integrated circuit 
chips. 
Third, In order to overcome the difficulties in forming meniscus in different 
directions, a micropipette shaping method was developed based on the FIB micro-
machining. By applying this micropipette shaping method to the meniscus-confined 
electrodeposition, complex 3-D structures including zigzag, sinusoidal shapes, micro-
/nano-coil structures, as well as some composite structures were fabricated. 
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The overall study advanced our fundamental understanding on the meniscus 
confined electrodeposition, and revealed the novel aspects of this technique with a more 
quantitative and theoretical way.  The study also advanced several new fabrication 
processes based on the acquired new understanding on the role of meniscus confinement, 
and applied them for several applications which could have broad scientific and 
technological appeals.  Future studies may include the development of a more integrated 
model to model the meniscus confined electrodeposition by combining the study of the 
ionic transport through a confined channel during the electrodeposition with the 
evaporation consideration and the meniscus stability.  Such an integrated model, by 
exactly solving the ion distribution away from the electrolyte/metal interface, would 
provide a more accurate account of the electrodeposition process and thus a more 
complete understanding of the roles of various parameters governing the metal wires.  
Technologically, based on the meniscus shaping principle, more advanced nozzles with 
complex shapes can be designed and developed to realize the fabrication of tailored 
microscale and nanoscale structures with unlimited flexibility.  Ultimately, a multiple 
nozzle system can be developed to significantly scale up the manufacturing capabilities 
of this technology for practical engineering applications. 
 
 
 
 98
References 
[1] D. B. Chrisey, "Materials processing - The power of direct writing," Science, vol. 
289, pp. 879-881, Aug 11 2000. 
[2] S. Matsui, et al., "Three-dimensional nanostructure fabrication by focused-ion-
beam chemical vapor deposition," Journal of Vacuum Science & Technology B, 
vol. 18, pp. 3181-3184, Nov-Dec 2000. 
[3] R. Kometani and S. Ishihara, "Nanoelectromechanical device fabrications by 3-D 
nanotechnology using focused-ion beams," Science and Technology of Advanced 
Materials, vol. 10, 034501, Jun 2009. 
[4] I. Utke, et al., "Gas-assisted focused electron beam and ion beam processing and 
fabrication," Journal of Vacuum Science & Technology B, vol. 26, pp. 1197-1276, 
Jul 2008. 
[5] A. A. Tseng, "Recent developments in nanofabrication using focused ion beams," 
Small, vol. 1, pp. 924-939, Sep 2005. 
[6] W. F. van Dorp and C. W. Hagen, "A critical literature review of focused electron 
beam induced deposition," Journal of Applied Physics, vol. 104, 081301, Oct 15 
2008. 
[7] K. Kanda, et al., "NEXAFS study on carbon-based material formed by focused-
ion-beam chemical-vapor-deposition," Radiation Physics and Chemistry, vol. 75, 
pp. 1850-1854, Nov 2006. 
[8] K. Gamo and S. Namba, "Maskless Focused Ion Beam-Assisted Deposition of 
Metal-Films," Journal of the Electrochemical Society, vol. 132, pp. C356-C356, 
1985. 
[9] D. K. Stewart, et al., "Focused Ion-Beam Induced Deposition of Tungsten on 
Vertical Sidewalls," Journal of Vacuum Science & Technology B, vol. 9, pp. 
2670-2674, Sep-Oct 1991. 
 99
[10] M. Ishida, et al., "Focused ion beam-induced fabrication of tungsten structures," 
Journal of Vacuum Science & Technology B, vol. 21, pp. 2728-2731, Nov-Dec 
2003. 
[11] H. Komano, et al., "A Rewiring Technique for Integrated-Circuit Operation 
Analysis Using a Silicon-Oxide Film Deposited by a Focused Ion-Beam," Journal 
of Vacuum Science & Technology B, vol. 9, pp. 2653-2665, Sep-Oct 1991. 
[12] M. Ogasawara, et al., "Beam induced deposition of an ultraviolet transparent 
silicon oxide film by focused gallium ion beam," Applied Physics Letters, vol. 68, 
pp. 732-734, Feb 5 1996. 
[13] T. Morita, et al., "Free-space-wiring fabrication in nano-space by focused-ion-
beam chemical vapor deposition," Journal of Vacuum Science & Technology B, 
vol. 21, pp. 2737-2741, Nov-Dec 2003. 
[14] J. D. Madden and I. W. Hunter, "Three-dimensional microfabrication by localized 
electrochemical deposition," Journal of Microelectromechanical Systems, vol. 5, 
pp. 24-32, Mar 1996. 
[15] E. M. El-Giar, et al., "Localized electrochemical deposition of copper 
microstructures," Journal of the Electrochemical Society, vol. 147, pp. 586-591, 
Feb 2000. 
[16] A. Jansson, et al., "High resolution 3D microstructures made by localized 
electrodeposition of nickel," Journal of the Electrochemical Society, vol. 147, pp. 
1810-1817, May 2000. 
[17] A. D. Muller, et al., "Localized electrochemical deposition of metals using 
micropipettes," Thin Solid Films, vol. 366, pp. 32-36, May 1 2000. 
[18] S. H. Yeo, et al., "On the Effects of Ultrasound Vibration on Localized 
Electrochemical Deposition," J. Micromech. Microeng., vol. 12, pp. 271-279, 
2002. 
[19] R. A. Said, "Shape formation of microstructures fabricated by localized 
electrochemical deposition," Journal of the Electrochemical Society, vol. 150, pp. 
C549-C557, Aug 2003. 
 100
[20] R. A. Said, "Localized electro-deposition (LED): the march toward process 
development," Nanotechnology, vol. 15, pp. S649-S659, Oct 2004. 
[21] J. E. Smay, et al., "Colloidal inks for directed assembly of 3-D periodic 
structures," Langmuir, vol. 18, pp. 5429-5437, Jul 9 2002. 
[22] Q. Li and J. A. Lewis, "Nanoparticle inks for directed assembly of three-
dimensional periodic structures," Advanced Materials, vol. 15, pp. 1639-1643, 
Oct 2 2003. 
[23] G. M. Gratson, et al., "Microperiodic structures - Direct writing of three-
dimensional webs," Nature, vol. 428, pp. 386-386, Mar 25 2004. 
[24] D. Therriault, et al., "Chaotic mixing in three-dimensional microvascular 
networks fabricated by direct-write assembly," Nature Materials, vol. 2, pp. 265-
271, Apr 2003. 
[25] B. Y. Ahn, et al., "Omnidirectional Printing of Flexible, Stretchable, and 
Spanning Silver Microelectrodes," Science, vol. 323, pp. 1590-1593, Mar 20 
2009. 
[26] R. D. Piner, et al., ""Dip-pen" nanolithography," Science, vol. 283, pp. 661-663, 
Jan 29 1999. 
[27] Y. Li, et al., "Electrochemical AFM "dip-pen'' nanolithography," Journal of the 
American Chemical Society, vol. 123, pp. 2105-2106, Mar 7 2001. 
[28] K. H. Kim, et al., "A nanofountain probe with sub-100 nm molecular writing 
resolution," Small, vol. 1, pp. 632-635, May 2005. 
[29] M. Zhang, et al., "A MEMS nanoplotter with high-density parallel dip-pen 
manolithography probe arrays," Nanotechnology, vol. 13, pp. 212-217, Apr 2002. 
[30] D. Bullen, et al., "Parallel dip-pen nanolithography with arrays of individually 
addressable cantilevers," Applied Physics Letters, vol. 84, pp. 789-791, Feb 2 
2004. 
[31] M. Paunovic and M. Schlesinger, Fundamentals of Electrochemical Deposition. 
New York: John Wiley & Sons, 1998. 
 101
[32] A. P. Suryavanshi and M. F. Yu, "Probe-based electrochemical fabrication of 
freestanding Cu nanowire array," Applied Physics Letters, vol. 88, 083103, Feb 
20 2006. 
[33] A. P. Suryavanshi and M. F. Yu, "Electrochemical fountain pen nanofabrication 
of vertically grown platinum nanowires," Nanotechnology, vol. 18, 105305, Mar 
14 2007. 
[34] A. P. Suryavanshi, "Meniscus Controlled Three-Dimensional Nanofabrication," 
Ph. D., Department of Mechanical Science and Engineering, University of Illinois 
at Urbana-Champaign, 2007. 
[35] J. Hu and M. F. Yu, "Meniscus-Confined Three-Dimensional Electrodeposition 
for Direct Writing of Wire Bonds," Science, vol. 329, pp. 313-316, Jul 16 2010. 
[36] A. J. Bard and L. R. Faulkner, Electrochemical Methods: Fundamentals and 
Applications vol. 2. New York: John Wiley, 2001. 
[37] J. M. Maxwell and M. G. Huson, "Using the scanning probe microscope to 
measure the effect of relative humidity on sample stiffness," Review of Scientific 
Instruments, vol. 73, pp. 3520-3524, Oct 2002. 
[38] O. Stukalov, et al., "Relative humidity control for atomic force microscopes," 
Review of Scientific Instruments, vol. 77, 033704 Mar 2006. 
[39] A. C. Hill, et al., "Effect of Pb(II) on the morphology of platinum 
electrodeposited on highly oriented pyrolytic graphite," Langmuir, vol. 15, pp. 
4005-4010, May 25 1999. 
[40] S. L. Chen and A. Kucernak, "Electrodeposition of platinum on nanometer-sized 
carbon electrodes," Journal of Physical Chemistry B, vol. 107, pp. 8392-8402, 
Aug 21 2003. 
[41] S. S. Djokic and SpringerLink (Online service). (2010). Electrodeposition theory 
and practice. Available: http://dx.doi.org/10.1007/978-1-4419-5589-0 
[42] J. O. M. Bockris, et al., Modern aspects of electrochemistry. No. 3. London: 
Butterworths, 1964. 
 102
[43] I. Bakonyi, et al., Processing and Properties of Nanocrystalline Materials 
Warrendale, 1996. 
[44] M. J. Aus, et al., "Electrical-Resistivity of Bulk Nanocrystalline Nickel," Journal 
of Applied Physics, vol. 75, pp. 3632-3634, Apr 1 1994. 
[45] M. I. Montenegro, et al., Microelectrodes : theory and applications. Dordrecht ; 
London: Kluwer Academic, 1991. 
[46] E. Pitts, "Stability of a Meniscus Joining a Vertical Rod to a Bath of Liquid," 
Journal of Fluid Mechanics, vol. 76, pp. 641-651, 1976. 
[47] D. H. Michael, "Meniscus Stability," Annual Review of Fluid Mechanics, vol. 13, 
pp. 189-215, 1981. 
[48] V. A. Tatarchenko, "Capillary Shaping in Crystal-Growth from Melts .1. Theory," 
Journal of Crystal Growth, vol. 37, pp. 272-284, 1977. 
[49] G. A. Satunkin and V. A. Tatarchenko, "Shape-Analysis and Meniscus Height 
Calculations for Various Types of Capillary Shaping," Journal of Colloid and 
Interface Science, vol. 104, pp. 318-333, 1985. 
[50] Y. A. Tatarchenko, Shaped Crystal Growth. New York: Kluwer Academic, 1993. 
[51] M. Seo, et al., "Measurement of Minute Corrosion of Copper Thin Film by a 
Quartz Crystal Microbalance," Journal of the Society of Materials Science 
(Japan), vol. 39, pp. 357-361 1990. 
[52] H. Ghasemi and C. A. Ward, "Sessile-Water-Droplet Contact Angle Dependence 
on Adsorption at the Solid-Liquid Interface," Journal of Physical Chemistry C, 
vol. 114, pp. 5088-5100, Mar 25 2010. 
[53] Khurshid Ali, et al., "Concentration and temperature dependence of surface 
parameters of some aqueous salt solutions," Colloids and Surfaces A: 
Physicochem. Eng. Aspects, vol. 272, pp. 105-110, 2006. 
[54] P. Rudolph, et al., "Studies on Meniscus and Diameter Stability during the 
Growth of Fiber Crystals by the Micro-Pulling-Down Method," Japanese Journal 
of Applied Physics, vol. 39, pp. 5966-5969 2000. 
 103
[55] A. M. Bond, et al., "A Comparison of the Chronoamperometric Response at 
Inlaid and Recessed Disk Microelectrodes," Journal of Electroanalytical 
Chemistry, vol. 249, pp. 1-14, Jul 25 1988. 
[56] R. A. Noulty and D. G. Leaist, "Diffusion in Aqueous Copper-Sulfate and Copper 
Sulfate-Sulfuric Acid-Solutions," Journal of Solution Chemistry, vol. 16, pp. 813-
825, Oct 1987. 
[57] D. Britz and J. Strutwolf, "Electroanalytical response of an ultramicroelectrode at 
the bottom of an insulating conical well: Digital simulation," Electrochimica 
Acta, vol. 52, pp. 33-41, Oct 5 2006. 
[58] T. Lopez-Rios, et al., "Micro-structures made-with a capillary," Revista Mexicana 
De Fisica, vol. 50, pp. 515-517, Oct 2004. 
[59] R. A. Tishkova, et al., "Evaporation Rate of Concentrated Electrolyte Solutions 
from Fine Capillaries," Inzhenerno-Fizicheskii Zhurnal, vol. 37, pp. 849-853, 
1979. 
[60] V. M. Starov and N. V. Churaev, "Crystal Growth at the End of a Capillary on 
Solution Evaporation," Inzhenerno-Fizicheskii Zhurnal vol. 54, pp. 635-640 1988. 
[61] H. R. Pruppacher and J. D. Klett, Microphysics of clouds and precipitation. 
Dordrecht, Holland ; Boston: D. Reidel Pub. Co., 1978. 
[62] W. D. Hall and H. R. Pruppacher, "Survival of Ice Particles Falling from Cirrus 
Clouds in Subsaturated Air," Journal of the Atmospheric Sciences, vol. 33, pp. 
1995-2006, 1976. 
[63] N. A. Fuks, Evaporation and droplet growth in gaseous media. London ; New 
York: Pergamon Press, 1959. 
[64] M. Okuyama and J. T. Zung, "Evaporation-Condensation Coefficient for Small 
Droplets," Journal of Chemical Physics, vol. 46, pp. 1580-1585, 1967. 
[65] A. L. Buck, "New Equations for Computing Vapor-Pressure and Enhancement 
Factor," Journal of Applied Meteorology, vol. 20, pp. 1527-1532, 1981. 
[66] A. L. Buck, "Buck Research Manual " 1996. 
 104
[67] K. V. Beard and Pruppach.Hr, "Wind Tunnel Investigation of Rate of Evaporation 
of Small Water Drops Falling at Terminal Velocity in Air," Journal of the 
Atmospheric Sciences, vol. 28, pp. 1455-1464, 1971. 
[68] R. R. Rogers, A short course in cloud physics, 2nd ed. Oxford: Pergamon, 1979. 
[69] R. M. Penner, et al., "Fabrication and Use of Nanometer-Sized Electrodes in 
Electrochemistry," Science, vol. 250, pp. 1118-1121, 1990. 
[70] D. W. M. Arrigan, "Nanoelectrodes, nanoelectrode arrays and their applications," 
Analyst, vol. 129, pp. 1157-1165, 2004. 
[71] S. Amemiya, et al., "Scanning Electrochemical Microscopy," Annual Review of 
Analytical Chemistry, vol. 1, pp. 95-131, 2008. 
[72] D. P. Burt, et al., "Nanowire probes for high resolution combined scanning 
electrochemical Microscopy - Atomic force Microscopy," Nano Letters, vol. 5, 
pp. 639-643, Apr 2005. 
[73] R. A. Clark and A. G. Ewing, "Characterization of electrochemical responses in 
picoliter volumes," Analytical Chemistry, vol. 70, pp. 1119-1125, Mar 15 1998. 
[74] K. S. Yum, et al., "Individual nanotube-based needle nanoprobes for 
electrochemical studies in picoliter microenvironments," Acs Nano, vol. 1, pp. 
440-448, Dec 2007. 
[75] A. Kueng, et al., "Imaging of ATP membrane transport with dual micro-disk 
electrodes and scanning electrochemical microscopy," Biosensors & 
Bioelectronics, vol. 21, pp. 346-353, Aug 15 2005. 
[76] P. Sun, et al., "Nanoelectrochemistry of mammalian cells," Proceedings of the 
National Academy of Sciences of the United States of America, vol. 105, pp. 443-
448, Jan 15 2008. 
[77] B. Zhang, et al., "Bench-top method for fabricating glass-sealed nanodisk 
electrodes, glass nanopore electrodes, and glass nanopore membranes of 
controlled size," Analytical Chemistry, vol. 79, pp. 4778-4787, Jul 1 2007. 
 105
[78] M. V. Mirkin, et al., "Scanning Electrochemical Microscopy .13. Evaluation of 
the Tip Shapes of Nanometer Size Microelectrodes," Journal of Electroanalytical 
Chemistry, vol. 328, pp. 47-62, Jul 1 1992. 
[79] C. J. Slevin, et al., "Fabrication and characterisation of nanometre-sized platinum 
electrodes for voltammetric analysis and imaging," Electrochemistry 
Communications, vol. 1, pp. 282-288, Jul 1999. 
[80] J. L. Conyers and H. S. White, "Electrochemical characterization of electrodes 
with submicrometer dimensions," Analytical Chemistry, vol. 72, pp. 4441-4446, 
Sep 15 2000. 
[81] P. Sun, et al., "Fabrication of nanometer-sized electrodes and tips for scanning 
electrochemical microscopy," Analytical Chemistry, vol. 73, pp. 5346-5351, Nov 
1 2001. 
[82] B. Liu, et al., "Fabrication of ultramicroelectrodes using a "Teflon-like" coating 
material," Analytical Chemistry, vol. 77, pp. 3013-3017, May 1 2005. 
[83] S. L. Chen and A. Kucernak, "Fabrication of carbon microelectrodes with an 
effective radius of 1 nm," Electrochemistry Communications, vol. 4, pp. 80-85, 
Jan 2002. 
[84] J. J. Watkins, et al., "Zeptomole voltammetric detection and electron-transfer rate 
measurements using platinum electrodes of nanometer dimensions," Analytical 
Chemistry, vol. 75, pp. 3962-3971, Aug 15 2003. 
[85] B. B. Katemann and T. Schuhmann, "Fabrication and characterization of needle-
type Pt-disk nanoelectrodes," Electroanalysis, vol. 14, pp. 22-28, Jan 2002. 
[86] Y. X. Li, et al., "Preparation and Electrochemical Response of 1-3 nm Pt Disk 
Electrodes," Analytical Chemistry, vol. 81, pp. 5496-5502, Jul 1 2009. 
[87] Y. H. Shao, et al., "Nanometer-sized electrochemical sensors," Analytical 
Chemistry, vol. 69, pp. 1627-1634, Apr 15 1997. 
[88] J. K. Campbell, et al., "Electrochemistry using single carbon nanotubes," Journal 
of the American Chemical Society, vol. 121, pp. 3779-3780, Apr 21 1999. 
 106
[89] M. Gattrell and D. W. Kirk, "A Study of the Oxidation of Phenol at Platinum and 
Preoxidized Platinum Surfaces," Journal of the Electrochemical Society, vol. 140, 
pp. 1534-1540, Jun 1993. 
[90] C. G. Zhang, et al., "Properties and applications of carbon fiber dual-cylinder 
microelectrodes," Electroanalysis, vol. 8, pp. 947-951, Oct 1996. 
[91] P. R. Birkin and S. SilvaMartinez, "Determination of heterogeneous electron 
transfer kinetics in the presence of ultrasound at microelectrodes employing 
sampled voltammetry," Analytical Chemistry, vol. 69, pp. 2055-2062, Jun 1 1997. 
[92] C. G. Zoski and M. V. Mirkin, "Steady-state limiting currents at finite conical 
microelectrodes," Analytical Chemistry, vol. 74, pp. 1986-1992, May 1 2002. 
[93] J. L. Amphlett and G. Denuault, "Scanning electrochemical microscopy (SECM): 
An investigation of the effects of tip geometry on amperometric tip response," 
Journal of Physical Chemistry B, vol. 102, pp. 9946-9951, Dec 3 1998. 
[94] Y. Fang and J. Leddy, "Cyclic Voltammetric Responses for Inlaid Microdisks 
with Shields of Thickness Comparable to the Electrode Radius - a Simulation of 
Reversible Electrode-Kinetics," Analytical Chemistry, vol. 67, pp. 1259-1270, 
Apr 1 1995. 
[95] D. Shoup and A. Szabo, "Influence of Insulation Geometry on the Current at 
Microdisk Electrodes," Journal of Electroanalytical Chemistry, vol. 160, pp. 27-
31, 1984. 
[96] P. Ramm, et al., 3-D IC Integration: Technology and Applications. New York: 
Wiley-VCH, 2008. 
[97] G. Harman, Wire Bonding in Microelectronics. New York: McGraw-Hill, 2009. 
[98] C. Harper, Electronic Packaging and Interconnection Handbook. New York: 
McGraw Hill, 2005. 
[99] "International Technology Roadmap for Semiconductors " ITRS, 2007. 
 107
[100] M. E. Toimil-Molares, et al., "Electrical characterization of electrochemically 
grown single copper nanowires," Applied Physics Letters, vol. 82, pp. 2139-2141, 
Mar 31 2003. 
[101] Q. J. Huang, et al., "Surface and size effects on the electrical properties of Cu 
nanowires," Journal of Applied Physics, vol. 104, 023709, Jul 15 2008. 
[102] Q. J. Huang, et al., "An in situ investigation of electromigration in Cu nanowires," 
Nanotechnology, vol. 20, 075706, Feb 18 2009. 
[103] S. Karim, et al., "Diameter dependent failure current density of gold nanowires," 
Journal of Physics D-Applied Physics, vol. 42, 185403, Sep 21 2009. 
[104] M. A. Poggi, et al., "A method for calculating the spring constant of atomic force 
microscopy cantilevers with a nonrectangular cross section," Analytical 
Chemistry, vol. 77, pp. 1192-1195, Feb 15 2005. 
[105] S. Pasricha and N. Dutt, On-chip communication architectures: system on chip 
interconnect. Boston: Elsevier, 2008. 
[106] B. A. Floyd, et al., "Intra-chip wireless interconnect for clock distribution 
implemented with integrated antennas, receivers, and transmitters," Ieee Journal 
of Solid-State Circuits, vol. 37, pp. 543-552, May 2002. 
[107] K. K. O, et al., "The Feasibility of On-Chip Interconnection using Antennas," 
presented at the IEEE International Conference on Computer Aided Design, San 
Jose, CA, USA 2005. 
[108] C. P. Yue and S. S. Wong, "On-chip spiral inductors with patterned ground 
shields for Si-based RF IC's," Ieee Journal of Solid-State Circuits, vol. 33, pp. 
743-752, May 1998. 
[109] C. P. Yue and S. S. Wong, "Design Strategy of On-Chip Inductors for Highly 
Integrated RF Systems," in Proceedings of the 36th annual ACM/IEEE Design 
Automation Conference, New Orleans, LA, USA, 1999, pp. 982-987  
 108
[110] D. S. W. Park, et al., "Chip-level integration of RF MEMS on-chip inductors 
using UV-LIGA technique," Microsystem Technologies-Micro-and Nanosystems-
Information Storage and Processing Systems, vol. 14, pp. 1429-1438, Oct 2008. 
[111] J. H. Chen, et al., "Design and modeling of a micromachined high-Q tunable 
capacitor with large tuning range and a vertical planar spiral inductor," Ieee 
Transactions on Electron Devices, vol. 50, pp. 730-739, Mar 2003. 
 
 
 109
Author’s Biography 
Jie Hu was born in 1979 in Beijing, China. She received her Bachelor of 
Engineering degree from Beijing Institute of Technology, in 2001 and her Master of 
Science in mechanical engineering from Tsinghua University, Beijing, China, in 2004. 
Jie started her doctoral research at University of Illinois in fall 2004 under the guidance 
of Professor Min-Feng Yu. Her major area of research is micro- and nano-fabrication. 
She has authored and coauthored 6 peer reviewed journal publications, including one in 
Science related to the use of the meniscus confined electrodeposition for microscale wire 
bonding. 
 
